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1. Introduction
As early as the 1970s, research on ferroelectric thin films was 
underway to integrate functionalities found in ferroelectrics 
into microelectronic devices, microelectromechanical systems, 
and optical devices [1–10]. Initial work focused primarily on 
addressing some of the challenges associated with the higher 
leakage and losses when reproducing bulk-like ferroelectric 
responses in thin films [11–15]. By the 1990s, ferroelectric 
thin films were finding wide-spread application in memories, 
rf/microwave devices, pyroelectric (thermal), and piezoelectric 
(stress) sensors and actuators [6, 16–19]. Accelerated by 
advances in the synthesis of ferroelectric thin films with con-
trolled chemistry and epitaxy [20–22], researchers sought 
to leverage these abilities to impose epitaxial strain, achieving 
complex control of crystal and domain structures, and ulti-
mately ferroic responses inconceivable in the bulk [23–29]. 
The search for knowledge in this space has developed symbi-
otically with new advanced characterization techniques, and 
has driven the development of theoretical, computational, and 
modeling tools enabling the study and selection of these mat-
erials across expansive length- and time-scales and under vari-
ous external perturbations [29–41]. The results have provided a 
detailed understanding of ferroelectricity including: new routes 
to control materials and phenomena, the discovery of new fer-
roelectric phases (some not stable or known in bulk form), 
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new physics, and exciting possibilities for future applications. 
In this review, we provide a synopsis of the major developments 
and achievements in the last few years in the area of strain engi-
neering of ferroelectric thin films (for a historical perspective we 
recommend several excellent reviews [16, 25, 26, 42]) with a 
strong emphasis on work blazing a new trail in terms of meth-
ods and control of strain engineering, understanding of strain 
effects, and routes to develop new functionalities and improved 
performance in ferroelectric-based microelectronic devices.
2. Physics of ferroelectrics
Ferroelectrics are materials that possess two or more stable 
states with a spontaneous polarization (or an electric dipole 
moment per unit volume) even in the absence of an applied elec-
tric field and can be reversibly switched between these states 
by the application of an electric field [43–45]. The ferroelectric 
polarization is strongly susceptible to electrical, mechanical, 
and thermal excitations yielding large dielectric, piezoelectric, 
and pyroelectric responses. To achieve such unique properties 
requires a specific combination of crystallographic and atomic-
scale symmetry that limits ferroelectricity to only 10 of the 
32 crystallographic classes [45, 46]. Perovskites with chem-
istry ABX3, represented by 8 corner-sharing A-site cations 
with six face-sharing anions (typically oxygen), and a central 
B-site cation located inside the anion octahedron are one of 
the most widely studied crystallographic structures that exhibit 
ferroelectricity. At high temperatures the perovskite structure 
is centrosymmetric and exists in the paraelectric phase. Upon 
cooling, the perovskite structure can undergo structural dist-
ortions, most commonly related to octahedral rotations (typi-
cally quantified in terms of the Goldschmidt tolerance factor 
[47]) and/or ferroelectric dist ortions which can give rise to a 
spontaneous polarization (Ps) and ferroelectricity below the 
Curie temperature (Tc). To understand ferroelectricity requires 
consideration of the atomic orbitals and their interaction. For 
Figure 1. Schematic depiction of the crystal structure of polymorphic states of BaTiO3 including (a) ideal perovskite structure (cubic, 
paraelectric parent phase), (b) tetragonal phase with polarization along [001], (c) orthorhombic phase with polarization along [110], and (d) 
rhombohedral phase with polarization along [111]. (e) Temperature-dependent evolution of the unit-cell lattice parameters and ferroelectric 
phase transitions (Reprinted from [52] by permission of Taylor & Francis Ltd, www.tandfonline.com) and (f ) associated dielectric response 
in BaTiO3 (Reprinted figure with permission from [53]. Copyright 1949 by the American Physical Society). (g) A typical ferroelectric 
hysteresis loop of polarization as a function of applied electric-field starting from a virgin polydomain state with zero net macroscopic 
polarization to a monodomain state that can be switched hysteretically between states with downward- and upward- pointing polarization. 
(h) A typical antiferroelectric hysteresis loop, for E  >  EC the system transforms to a ferroelectric phase.
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instance, typically ferroelectric distortions can occur as the 
result of a symmetry breaking distortion of the B-site cat-
ion within the anion octahedra. B-site driven ferroelectricity 
results from an effect known as the second order Jahn–Teller 
effect which occurs when mixing between the d orbitals of the 
B-site cation and the oxygen 2p orbitals results in the forma-
tion of a non-degenerate ground state with a low-lying excited 
state [48–50]. This mixing (or hybridization) of the atomic 
orbitals generates a displacement in the position of the B-site 
cation ultimately giving rise to ferroelectricity. In general, B-site-
driven ferroelectricity exists nearly exclusively in perovskites 
wherein the B-site cation possesses d0 formal valence, as these 
orbitals can readily mix with the O 2p orbitals and the empty 
d-shell reduces columbic repulsion. BaTiO3 is the prototypical 
example of a B-site driven ferroelectric wherein the Ti 3d orbit-
als hybridize with the O 2p orbitals, while the Ba 5p orbitals 
remain stereochemically inactive [31]. Additionally, the A-site 
cation can also contribute significantly to ferroelectricity [31, 
51]. For instance, in Pb-based systems the 6s electrons of the 
Pb cation hybridize with the O 2p orbitals. This hybridization 
causes the electrons to become localized, inducing ferroelec-
tricity [31]. Such A-site-driven ferroelectricity tends to give 
rise to a larger and more temperature stable ferroelectric dist-
ortions [31].
At various temperatures, pressures, and/or chemical com-
positions competition between sources of symmetry breaking 
exists, resulting in the possibility of structural phase trans itions. 
For example, in bulk BaTiO3, there are many temper ature 
dependent phase transitions which can occur upon  cool-
ing from high temperature. First, there is a paraelectric– 
to-ferroelectric transition at 120 °C, where the material goes 
from a cubic lattice (Pm m3  symmetry, figure 1(a)) to a tetrago-
nal structure (P4mm symmetry, figure 1(b)). This transition is 
accompanied by the development of a spontaneous macroscopic 
polarization along the tetragonal c axis (i.e., [001]). Upon cool-
ing further, the BaTiO3 crystal has additional phase transitions, 
including an orthorhombic phase (mm2 symmetry) at 0 °C 
with spontaneous polarization along the two-fold [110] (figure 
1(c)) and a rhombohedral phase (R3m symmetry) at  −70 °C 
with spontaneous polarization along the three-fold [111] (fig-
ure 1(d)). These ferroelectric phase transitions in bulk BaTiO3 
tend to be of first-order meaning they are accompanied by the 
release of latent heat and a discontinuous and hysteretic change 
in lattice parameters (figure 1(e)) [52] and dielectric response 
(figure 1(f)) [53]. When ferroelectrics are grown as thin films, it 
is more common for ferroelectric transitions to be second-order 
(continuous transitions without any latent heat) as a result of the 
substrate imposed elastic boundary conditions. These ferroelec-
tric transitions are particularly interesting as large anomalies in 
ferroelectric susceptibilities (theoretically approaching infinity 
in second order transitions) can be achieved. In turn, it is gener-
ally desirable to design materials to operate near these phase 
transitions for maximum response.
Once below the TC, ferroelectric materials can exhibit 
multiple degenerate ferroelectric distortions (or polariza-
tion states) and can be switched between these states by the 
application of an external electric field. This switching pro-
cess is typically represented in the form of a macroscopic 
ferroelectric hysteresis loop (figure 1(g)). Alternativly, the 
spontaneous polarization can be driven by octahedral rota-
tions to order in an anti-parallel manner at the unit-cell level 
(i.e. antiferroelectricity). Antiferroelectrics exhibit no macro-
scopic spontaneous polarization, yet can be driven to behave 
like a ferroelectric when an electric field is applied; thereby 
producing a double hysteresis loop (figure 1(h)). As previously 
mentioned, the presence of a spontaneous polarization gives 
rise to coupled piezoelectric (linear coupling of stress-polar-
ization and/or electric field-strain), pyroelectric (coupling of 
temperature-polarization), and electrocaloric (coupling of 
electric field-entropy) responses which are important for a 
wide variety of sensing, energy conversion, and device appli-
cations. While both pyroelectricity and piezoelectricity have 
less restrictive symmetry requirements than ferroelectric-
ity (existing in 10 and 20 of the 32 crystallographic classes, 
respectively) these responses tend to be particularly large in 
ferroelectric mat erials making them interesting to study.
While ferroelectrics can exist with a single polarization 
variant (monodomain) it is more common to form domains 
(i.e., small volumes of uniform polarization direction) to mini-
mize depolarization fields (ferroelectric) and to accommodate 
elastic strain (ferroelastic). In the bulk these domain structures 
are complex and difficult to control, however, epitaxial thin 
films provide a convenient platform to controllably orient and 
control domain structures. Such strain-based approaches to 
domain engineering are of significant interest as the presence 
of these domain structures can significantly influence ferro-
electric susceptibilities, and has even been proposed as a route 
to achieve new types of devices where the domain wall is the 
functional element [16, 54–62].
3. Conventional misfit-strain control of ferroelectrics
Ferroelectric susceptibilities are strongly dependent on temper-
ature, pressure, strain, and composition. The ability to con-
trollably modify the structure of bulk ferroelectrics for device 
applications, however, is rather limited as devices can typically 
only operate over a narrow temperature and pres sure range, 
and these ceramic materials structurally fail under modest 
strains (typically  <0.1% under both compressive and tensile 
strains), limiting routes to control these material primarily 
to chemistry. The epitaxial growth of perovskite ferroelec-
tric thin films on lattice mismatched single-crystal substrates, 
however, relaxes the limitation of strain engineering, allowing 
an additional knob, apart from composition and akin to pres-
sure, to engineer phase and domain structures providing an 
enormous phase space for materials design [22, 26, 42, 63]. 
Furthermore, the geometry and simplicity of epitaxial sin-
gle-crystal thin films provides a model platform to design 
systematic studies of both intrinsic (i.e., the bulk, unit-cell 
level, response of the polarization to an applied stimulus) 
and extrinsic (i.e., interfaces, domain walls, surfaces, phase 
boundaries, defects, etc.) responses. This interest in strain engi-
neering has led to the development of high-quality perovskite 
substrates with a wide range of lattice parameters (3.68– 
4.17 Å) suitable for imposing various degrees of epitaxial 
strain (figure 2, bottom section) [27, 64–84]. Additionally, 
J. Phys.: Condens. Matter 28 (2016) 263001
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techniques have been developed to assist in controlling the 
epitaxy including specialized surface treatments [85–90] that 
allow for the control of the interface chemistry and in situ moni-
toring/control of the growth processes at the sub-unit-cell level 
[21, 22]. These technologies have facilitated the design of fer-
roelectric heterostructures, devices, and superlattices where the 
thickness of the individual perovskite layers are precisely con-
trolled to have “atomically” sharp interfaces (note that perfect 
interfaces are difficult, if not impossible, to achieve in practice, 
but intermixing of only 1-2 unit cells is perceived as possible).
To utilize ferroelectric thin films in devices requires 
bottom electrodes that are compatible with the epitaxy and 
allows for the retention of strain. In this regard, several con-
ductive perovskite bottom electrode materials have been 
implemented (figure 2, middle section) [91, 92]. The diverse 
set of available single-crystal substrates and conductive bottom 
electrodes provide a convenient platform upon which an 
expansive range of perovskite ferroelectric films (figure 2, top 
section) [62, 93–103] can be grown, controllably oriented, 
strained, and probed. Most theoretical and experimental studies 
of epitaxial strain control have focused on (001)-oriented ferro-
electric films (due in most part to the prevalence of the pseudo-
cubic (001)-cut of commercial substrates and relative ease of 
growth) and, thus, we will focus primarily on such structures.
3.1. Lattice mismatch strain, size, and interface effects in  
ferroelectrics
The development of modern strain engineering was aided, in 
part, by pioneering theoretical predictions for misfit strain-
temperature phase diagrams by researchers in the late 1990s 
based on phenomenological thermodynamic models [33, 104, 
105]. Such phase diagrams predicted the ability of mechanical 
boundary conditions (or epitaxial strain) to change the order 
of the ferroelectric phase transitions, alter TC, and possibly 
engineer novel low-symmetry ferroelectric phases unachiev-
able in the absence of strain. In turn, a range of ferroelec-
tric phases and domain structures were predicted creating 
an expansive and diverse nomenclature to describe these 
phases (figure 3(a)). While strain-induced enhancements of 
some tens of degrees in the TC of ferromagnets [106, 107] and 
superconductors [108, 109] had been observed, these phenom-
enological models predicted much larger enhancements in 
ferroelectrics. These models even predicted the possibility of 
using epitaxial strain to stabilize ferroelectricity in SrTiO3, 
a quantum paraelectric (figure 3(b)) [20, 26, 110, 111]. 
To experimentally realize these predictions, researchers devel-
oped and utilized an array of rare-earth scandate perovskite 
substrates and subsequently demonstrated the power of 
Figure 2. Survey of lattice parameters of commercially available substrate materials (bottom section), a select list of perovskite electrode 
materials (middle section), and ferroelectric, incipient ferroelectric, and anti-ferroelectric materials (top section).
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strain-effects in controlling/inducing ferroelectricity [112, 
113]. By applying biaxial tensile strains of ~1% to (001)-ori-
ented SrTiO3 thin films grown on DyScO3 substrates, research-
ers were able to induce room-temperature ferroelectricity 
(figure 3(c)) [112, 114]. Likewise, application of a few percent 
compressive strain to BaTiO3 resulted in the enhancement of 
the ferroelectric transition temperature by 500 °C and remnant 
polarization by ~250% [113].
This initial work motivated intense theoretical and exper-
imental investigations of epitaxial-strain effects on the structure 
and response of a range of perovskite ferroelectrics including: 
BaxSr1−xTixO3, PbTiO3, PbZrxTi1−xO3, BiFeO3, and many oth-
ers. Various computational methods including first-principles 
density functional theory (DFT) [30, 31, 38, 115–120], atomic-
scale simulations (effective Hamiltonian methods [34, 121–
126], molecular dynamics simulations [35, 37, 127–132], 
and Monte Carlo simulations [133–136] etc.) are now being 
employed in addition to continuum Landau-based thermody-
namic models (including numer ical phase-field [111, 137–141] 
as well as phenomenological Ginzburg–Landau–Deveonshire 
(GLD) models) to understand and predict ferroelectric phe-
nomena at the nanoscale. First-principles-based, finite-temper-
ature phase diagrams [126] have been obtained and match 
qualitatively well with those produced via phenomenologi-
cal thermodynamic models [33] for prototypical systems 
including BaTiO3 (figures 3(d) and (e), respectively). These 
models are particularly useful to predict the nature of the 
ferroelectric phases that form under epitaxial strain. One 
somewhat unexpected observation from these studies was 
that the strain dependence varies significantly across fer-
roelectric systems with BiFeO3 and LiNbO3 showing rather 
weak strain dependence compared to other ferroelectrics (i.e., 
BaTiO3, PbTiO3, etc.) [142, 143]. In BiFeO3, for instance, 
it has been shown that the weak strain-dependence of spon-
taneous polarization is related to the competing polar cation 
displacements and a tendency for antiferrodistortive rotations 
[144]. Furthermore, it was shown that these antiferrodistor-
tive rotations destabilize ferroelectricity decreasing the TC 
of BiFeO3 with increasing compressive strain [145–147]. 
These discoveries highlight the importance of macroscopic 
Figure 3. (a) Diagram showing the various nomenclatures used to describe ferroelectric phases based on their polarization direction. 
Tetragonal (T ): T(c) P1  =  P2  =  0, P3  ≠  0; T(a1) P2  =  P3  =  0, P1  ≠  0; T(a2) P1  =  P3  =  0, P2  ≠  0. Monoclinic (M): MC(ca) P1  ≠  0, P2  =  0, 
P3  ≠  0; MA(r) P1  =  P2  ≠  0  <  P3  ≠  0; MB(r) P1  =  P2  ≠  0  >  P3  ≠  0; MC(ca*) P1  =  0, P2  ≠  0, P3  ≠  0; MC(aa*) P1  ≠  0, P2  ≠  0, P3  =  0. 
Orthorhombic (aa): O P1  =  P2  ≠  0, P3  =  0. Rhombohedral (R): R P1  =  P2  =  P3  ≠  0. (b) Phase-field predictions for the misfit-strain-
temperature phase diagram for (001)-oriented SrTiO3 assuming a monodomain state for all structural and ferroelectric phases (Reprinted with 
permission from [20]. Copyright 2008 John Wiley and Sons. Adapted with permission from [111]). The letters T, O, R, and M used in the 
phase notations indicate tetragonal, orthorhombic, rhombohedral, and monoclinic crystallographic symmetries, respectively. The superscript 
‘P,’ ‘S,’ or ‘F’ indicates whether the phase is paraelectric, antiferrodistortive, or ferroelectric, respectively. (c) Temperature-dependent in-plane 
dielectric constant (εr) at a measurement frequency (  f  ) of 10 GHz for 50 nm thick films of SrTiO3 on DyScO3 (110) and (LaAlO3)0.29(Sr0.5
Al0.5TaO3)0.71 (001) substrates corresponding to epitaxial strains of  +0.9% and –0.9%, respectively (Reprinted with permission from [112]. 
Copyright 2004 Nature Publishing Group). (d) and (e) BaTiO3 temperature-stress diagram comparing ab initio predictions (Reprinted with 
permission from [126]. Copyright 2004 by the American Physical Society) with those from phenomenological thermodynamic calculations 
(Reprinted from [33] by permission of Taylor & Francis Ltd, www.tandfonline.com). (f ) In-plane diffuse x-ray scattering profiles about the 
PbTiO3 303-diffraction condition for various thicknesses and temperatures. In each case the region shown extends  ±0.2 reciprocal lattice units 
in the in-plane reciprocal space coordinates H and K. The broadening of the central Bragg peak in the H direction is due to instrumental 
resolution limits. Inset shows orientation of stripe domains (Reprinted with permission from [153]. Copyright 2004 AAAS Publishing).
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phenomenological models and microscopic first-principles 
calcul ations in unraveling the nature of ferroelectric phe-
nomena. Today, efforts are underway to develop multiscale-
simulation strategies that bridge various theoretical/modeling 
approaches across several decades of length- and time-scales 
ushering in a new era of “ferroelectric oxides by design.”
Along with epitaxial strain, the role of electrical bound-
ary conditions in controlling ferroelectric thin films has 
been extensively explored. Such electrostatic considera-
tions become especially important in ultrathin films, where 
there has been much debate about the existence of a critical 
thickness for ferroelectricity. Foundational work suggested a 
critical thickness of 10 nm is needed to stabilize a strongly 
polar phase [45, 148, 149], however, this notion has been 
challenged. As early as 1999 it was observed using scanning 
probe-based studies that a stable out-of-plane ferroelectric 
polarization can exist in epitaxial thin films of PbZrxTi1−xO3 
only 10 unit-cells thick [150]. This was followed by sev-
eral theoretical investigations predicting stable ferroelectric 
ground states in ultrathin films [115, 151, 152]. Subsequent 
experimental investigations using synchrotron-based X-ray 
diffraction of ultrathin PbTiO3/SrTiO3 (001) heterostructures 
revealed a critical thickness of only 3 unit cells for stable out-
of-plane ferroelectric polarization and a TC  ≈  250 °C (figure 
3(f )) [153]. Furthermore, the absence of ferroelectricity at 
thicknesses  <  3 unit cells was thought to arise from an anti-
ferrodistortive c(2  ×  2) surface reconstruction of the PbTiO3 
surface, rather than an intrinsic thickness-related effect [154]. 
It was also noted in these studies that in the absence of metal 
electrodes, depolarization effects that destabilize ferroelec-
tricity were mitigated by the formation of periodic domains 
of alternating polarity (inset, figure 3(e)) resulting in satellite 
peaks around the PbTiO3 303-diffraction condition in X-ray 
scattering experiments. The lateral dimensions for these 
domains were only 1.2–4 nm (i.e.,  <10 unit cells) holding 
the promise of being able to achieve ferroelectric memory 
devices with ultrahigh densities approaching tens of Tb cm−2 
[155–158].
There has also been renewed focus on understanding the ori-
gin and impact of dead layers at ferroelectric-metal interfaces 
on the performance of ultrathin ferroelectric devices (fer-
roelectric film thickness of  <10 nm) [159–161]. In general, 
diminished dielectric performance of ultrathin ferroelec-
trics has been addressed via the concept of a so-called “dead 
layer” wherein a parasitic low permittivity layer at the fer-
roelectric-electrode interface can detrimentally impact device 
performance. The true nature of the dead layer either as an 
unavoidable and/or inherent feature of any dielectric-metal 
interface [162–166], or a manifestation of extrinsic effects 
arising from defects and imperfections [167–172] from thin-
film growth and processing, has been a matter of debate. 
Recent theoretical studies suggest the crucial role of the 
local chemical environment wherein interfacial ferroelectric-
ity formed between A-site terminated perovskites and simple 
metals can result in an overall enhancement of the ferroelec-
tric instability [173]. Numerous studies were undertaken to 
resolve this seeming contradiction between theory and experi-
ments, with a current proposition that the nature of the specific 
bonds intrinsic to the ferroelectric-electrode boundary can 
dictate ferroelectric behavior at the nanoscale [174].
In general, these studies reveal how computational modeling 
and experimental design can be utilized to manipulate the elec-
trical and elastic boundary conditions in epitaxial thin films. 
Using these tools, researchers can deterministically tune phase 
transition temperatures and phase competition, realize meta-
stable phases, and much more—all of which can dramatically 
impact ferroelectric susceptibilities and enable the creation of 
new ferroelectric functionalities. Such work provides the foun-
dational tools to strain-engineer ferroelectric thin films.
3.2. Strain-tuning ferroelectric domain structures and  
properties
In addition to altering the crystal structure there has been 
significant interest in how strain can tune ferroelastic domain 
structures which can dramatically influence ferroelectric 
susceptibilities and functionality [16, 54–61]. In the case of 
ferroelectric thin films, the possibility of applying an epitaxial 
strain to suitably orient and simultaneously engineer self-
organized ferroelectric nanostructures makes it promising 
for nanolithography, nonlinear optical, and other applica-
tions which rely on nanoscale ordered structures [175–177]. 
Ferroelectrics form domains to minimize the total free energy 
of the system, including elastic, electrostatic, and domain-wall 
(or gradient) energies. Mechanical compatibility requirements 
for stress-free domain walls [63, 178–180], and electrostatic 
compatibility [45, 63, 181] requirements for uncharged 
domain walls are crucial in determining ferroelectric domain 
structures. Typically these effects impose strong restrictions 
on the domain-wall geometries (denoted as the angle between 
the polarization vectors in adjacent domains) limiting the 
domain structures primarily to a select few (e.g., 90° and 180° 
domain walls in tetragonal ferroelectrics; 60°, 90°, 120°, 
and 180° domain walls in orthorhombic ferroelectrics; and 
71°,109°, and 180° domain walls in rhombohedral ferroelec-
trics) [63, 178–180, 182]. More specifically, ferroelectric 180° 
domains generally form to compensate the depolarization field 
resulting from imperfect screening of the polarization charge 
[155, 183] and non-180° or ferroelastic domains generally 
form to accommodate elastic energy due to film-substrate 
interactions (i.e., lattice-mismatch, epitaxial strain) [184, 
185]. Domain-wall energy (significant at thickness  <10 nm) 
typically favors monodomain configurations, however, as the 
thickness increases, the strain energy begins to dominate. 
As a result, the domain patterns that form depend upon the 
nature of the ferroelectric phase and can be engineered by 
controlling the strain via appropriate choice of substrate, the 
nature of charge compensation at the top and bottom elec-
trodes, the film thickness, among other features.
To experimentally probe such complex domain patterns, 
experimentalists have increasingly relied on scanning probe-
based piezoresponse force microscopy (PFM), X-ray diffrac-
tion, and transmission electron microscopy (TEM)-based 
techniques to image and manipulate ferroelectric domain struc-
tures at the nanoscale [186–193]. At the same time, analytical 
models based on thermodynamic analysis [32, 194–197], 3D 
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phase-field simulations [138, 140, 198], and first-principles, 
effective Hamiltonian-based atomic level simulations [199, 200] 
have been employed to predict domain formation and their 
influence on the response of ferroelectric films as a function 
of misfit strain, film thickness, electrostatic boundary condi-
tions, etc. Phase diagrams have been constructed for a variety 
of ferroelectric systems including PbTiO3 [137], PbZr1−xTixO3 
[139, 201, 202], BaTiO3 [203], SrTiO3 [111], BiFeO3 [204], 
and others. These theor etical approaches provide a fertile 
starting point by which understanding and the design of 
desired functionalities in ferroelectric materials can occur. As 
an example, a rich phase diagram with the presence of multi-
domain tetragonal, orthorhombic, rhombohedral, and mono-
clinic phases with several narrow regions of phase coexistence 
is predicted for strained BaTiO3 (figure 4(a)). For instance, 
as one traverses from the compressive to tensile misfit strain 
regimes near room temperature, the domain structure can 
evolve from purely c domain to c/a1/c/a2, then to a1/a2 twins, 
and finally to O1/O2 twins (figures 4(b)–(e), respectively). 
Systematic studies of misfit-strain effects on epitaxial BaTiO3 
thin films, however, have been limited by the lack of perovs-
kite substrates with suitable lattice parameters which have 
been only recently made available. Consequently, most exper-
imental studies of misfit-strain effects on the formation and 
control of nanoscale domain structure have been conducted on 
ferroelectrics with relatively small in-plane lattice parameters 
(a  <  3.96 Å) including Ti-rich compositions of PbZr1−xTixO3 
and the room-temperature multiferroic, BiFeO3.
Figure 4. (a) Phase diagram of BaTiO3 films as a function of temperature and misfit strain, with TP (tetragonal paraelectric), TF (tetragonal 
ferroelectric), OF (orthorhombic ferroelectric), and MF (monoclinic ferroelectric) phases noted, and (b)–(e) representative domain 
morphologies in BaTiO3 films at different temperatures and misfit strains (Reprinted with permission from [203]. Copyright 2006 AIP 
Publishing LLC). (f) Strain-composition phase diagram for PbZr1−xTixO3 thin films showing the pyroelectric coefficient at 300 K for the 
various equilibrium polydomain states (adapted from [212]). (g) The measured pyroelectric coefficient (squares) as a function of percentage 
of a domains in polydomain PbZr0.2Ti0.8O3 thin films. The orange line represents the intrinsic response and the green line represents the 
primary response (intrinsic  +  extrinsic) calculated using polydomain GLD theory. The blue line indicates the trend expected assuming an 
average thermal expansion coefficient of 10.9  ×  106 K−1 (Adapted from [213]. Copyright 2012 by the American Physical Society). PFM 
amplitude and phase (inset) images showing the sequence of 180° switching from (h) the initial ‘parallel’ c/a domain structure with 
homogeneous phase to (i) monodomain c domain with further switching leading to the creation of ( j) ferroelastic a domains oriented both 
vertically and horizontally (Reprinted with permission from  [214]. Copyright 2014 AIP Publishing LLC). (k) Lateral PFM phase images 
(scale bar range, 0–70°) of areas of 2  ×  2 μm2 of an in-plane polarized 30 nm-thick PbxSr1−xTiO3 film. Four types of areas are observed 
(marked by the black squares), defining coarse-scale ‘superdomains’. The polarization orientation in the nanodomains is represented by 
arrows for the four types of domain variants (Reprinted with permission from [220]. Copyright 2014 Nature Publishing Group).
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The phase diagram for Ti-rich versions of PbZr1−xTixO3 
(strongly tetragonal ferroelectrics) reveal a systematic strain-
dependent evolution from monodomain and out-of-plane 
polarized c domains at large compressive strains, to multid-
omain c/a/c/a domain structures (consisting of alternating c 
domains and in-plane polarized a domains) at reduced com-
pressive or tensile strains, and finally to completely in-plane 
polarized a1/a2 domains at large tensile strains and such 
structures have been demonstrated in several experiments 
[59, 205–207]. The various domain configurations have 
been shown to possess dramatically different susceptibilities 
that can be optim ized based on the desired application. For 
instance, based on a combination of phenomenological and 
exper imental approaches (figures 4(f) and (g), respectively) 
[208–213], researchers utilized strain-control to demonstrate 
a significant contrib ution from the motion of 90° ferroelastic 
domain walls to the dielectric and pyroelectric susceptibili-
ties of (001)-oriented PbZr0.2Ti0.8O3 heterostructures. These 
studies revealed that ~50% of the room-temperature permit-
tivity arises from 90° domain wall motion and under thermal 
excitation additional contributions from the thermal mismatch 
strains must also be considered. Recently, researchers have 
also demonstrated rather-compliant ferroelastic c/a domain 
structures in low defect density, slightly tensile-strained 
PbZr0.1Ti0.9O3 films grown on SrRuO3-buffered DyScO3 (110) 
substrates (figures 4(h)–(j)) [214] that are not pinned by dislo-
cations and other defects [59, 215–217]. It was further shown 
that these a domains can be locally created and annihilated by 
applying out-of-plane electric fields using a PFM tip, allowing 
one to envision new types of agile electronic devices based on 
concepts of domain wall conductivity where the circuit paths 
can be modified during operation. In this case, the annihila-
tion of a domains was attributed to the combined effect of 
the out-of-plane electric field and the creation of temporary 
charged 90° domain wall sections during 180° switching [206, 
214–216]. On the other hand, the creation of an a domain is 
related to the opposite piezoresponse from oppositely-poled 
domains when a tip-bias is applied at a 180° domain wall. 
Such opposite piezoresponse at the c+/c− domain boundary 
gives rise to a net elastic strain (piezostrain) that drives a 
domain formation [214, 218]. In a separate set of experiments 
focusing on domain control [219], the orthorhombic nature of 
the DyScO3 (110) substrate was utilized to engineer ultrafine 
c/a domain patterns of conductive a domain stripes that were 
only 10 nm wide but extended tens of microns in length in 
an insulating c domain matrix. Until recently, studies on the 
high-tensile strain regime of the phase diagram for tetrago-
nal PbZrxTi1−xO3 were limited by the availability and cost of 
larger lattice parameter substrates. To overcome these chal-
lenges, researchers resorted to Sr-alloying (0–35%) of PbTiO3 
and achieved large biaxial tensile stains for films grown on 
DyScO3 (110) [220]. Using a combination of synchrotron-
based X-ray reciprocal space maps and PFM, the formation of 
the predicted a1/a2 twin domain pattern with purely in-plane 
components of polarization was confirmed. It was also noticed 
that quasi-periodic nanoscale a1/a2 twin motifs (with perio-
dicity of 20–80 nm depending on the film thickness) formed 
larger mesoscopic domain  patterns or “superdomains” at 
micron-sized length scales with the effective in-plane comp-
onent of polarization along the [110] and 110[ ] (figure 4(k)). 
Such complex hierarchical domain patterns with flux closure 
at two different length scales have also been reported in epi-
taxial PbZrxTi1−xO3 thin films grown on tensile SmScO3 (110) 
[221, 222]. It has been suggested the hierarchical domain pat-
terns that form at the macroscale mimics, on average, the 
ground-state ferroelectric phase predicted by monodomain 
models. Additional theoretical and exper imental studies on 
the formation of ordered hierarchical  patterns, and the abil-
ity to self-assemble highly-ordered motifs of these structures 
at desired length scales could enable new functionalities and 
applications.
Strain-tuning of domain structures in epitaxial thin films of 
BiFeO3 has also received significant attention in the last decade. 
BiFeO3, in bulk-form, is a rhombohedrally-distorted perovskite 
(R3c) exhibiting antiferromagnetism that is coupled with ferro-
electric order [223, 224]. It is one of just a few single-phase mul-
tiferroics and has been the center of intense scientific study due 
to its lead-free nature, large ferroelectric polarization, and room-
temperature multiferroism [225]. In general, rhombohedral fer-
roelectrics are spontaneously polarized along the  <111>  giving 
rise to four structural variants and eight possible domain vari-
ants that are separated by 71°, 109°, or 180° domain walls. 
Previous theor etical and experimental work studying domain 
configurations of (001)-oriented rhombohedral ferroelectric 
thin films have demonstrated energetically-degenerate stripe-
domain patterns with either 71° or 109° domain boundaries that 
form along the {101}pc or {100}pc (where “pc” refers to pseudo-
cubic notation), respectively [182]. The surface structure for the 
two possible domain patterns are distinctly different, with the 
71°-stripe domains possessing a flat surface topography and 
the 109°-domain variants showing a distinct puckered surface 
structure (figures 5(a)–(d) and (e)–(h), respectively). Studies 
have leveraged several novel routes including substrate lattice 
parameter, orientation, vicinality (or miscut), electrostatic 
boundary conditions, thickness of bottom electrodes, etc. to 
tune the structure. In 2006, researchers grew 1D nanoscale 
arrays of 71° domain walls in epitaxial BiFeO3 films on 
SrRuO3-buffered DyScO3 (110) [226]. Such down-selection to 
a 2-variant domain structure has since been shown to be related 
to the oxygen-octahedral tilts and shear distortions associ-
ated with the orthorhombic symmetry of the substrate [227]. 
Such control was also demonstrated for films grown on cubic 
SrTiO3 (001) substrates, whereby progressively adjusting the 
magnitude and the tilt-direction of the substrate-miscut, it was 
possible to synthesize films that were 4-variant stripe, 2-vari-
ant stripe, and monodomain [228–231]. Controlling domain 
structures has led to a range of exciting observations includ-
ing correlation of different domain structures to variations 
in remanent polarization [231, 232], exploration of domain 
effects on fatigue lifetimes [233], achievement of determinis-
tic control of switching pathways [234], and much more (for 
a recent review see [28]). Phase-field studies [204] have pro-
vided additional insights on how elastic constraints, electri-
cal boundary conditions, lattice anisotropy, and other effects, 
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can be leveraged to engineer desired architectures in BiFeO3 
films. In 2009, researchers were able to use controlled strain 
and electrostatic boundary conditions to select between 1D 
arrays of purely 71° and 109° domain walls [235, 236]. Such 
selective control of ordered domain variants is important for 
next-generation spintronic-devices based on magnetoelectric 
multiferroics (such as BiFeO3) and it has been shown that the 
density and nature of domain-walls that form are correlated to 
the overall magnetic moment of BiFeO3 thin films, as well as 
to the exchange bias between BiFeO3 and metallic ferromag-
nets [237–240]. It was only recently, that the 180° domain wall 
version of 1D-stripe domain patterns was stabilized. Using 
a combination of PFM (figure 5(i), lateral PFM image) and 
cross-sectional TEM-based studies (figure 5(j)), researchers 
showed that epitaxial BiFeO3 films (thickness  <35 nm) grown 
on GdScO3 (010) spontaneously ordered into 1D arrays of 
180° stripe domains with 112{ } domain walls (inset, 
figure  5(i)) [241]. Symmetric reciprocal space mapping 
(RSM) studies (figure 5(k)) about the GdScO3 020o-diffrac-
tion condition for a 14 nm thick film revealed two orders of 
satellite peaks along the [001]o corresponding to a dense domain 
periodicity of 20 nm. Additional magnetic studies (figure 5(l)) 
revealed exchange bias and exchange enhancement in Co0.9Fe0.1/
BiFeO3 heterostructures based on BiFeO3 films with the 180° 
stripe-domain architecture, suggesting their contribution to 
pinned, uncompensated spins that give rise to exchange bias. 
This was further confirmed by X-ray magnetic circular dichro-
ism (XMCD) studies, which demonstrate that films with pre-
dominantly 180° domain walls have larger magnetization than 
those with primarily 71° domain walls.
In all, these studies summarize the advances made in 
strain control of ferroelectric domain architectures over the 
last decade. Such control is important as ferroelectric domain 
morphologies affect not only susceptibilities, but also impact 
the overall ferroelectric device performance and reliability. 
Furthermore, the controlled synthesis of films with highly-
ordered and simplified domain wall configurations will serve 
as the foundation to investigate and understand new functional-
ities such as electronic conduction, reduced optical band-gaps, 
magnetism, etc. that emerge at ferroelectric domain walls.
Figure 5. (a) Schematic illustration, (b) surface topography, (c) vertical phase, and (d) lateral amplitude images of 71°-striped BiFeO3 
possessing a flat surface topography and (e) schematic illustration, (f ) surface topography, (g) vertical phase, and (h) lateral amplitude 
images of 109°-domain variants BiFeO3 showing a puckered surface structure. (i) Lateral PFM phase image of BiFeO3 with 180° domain 
structure; the inset shows a schematic illustration of the domain structure where the arrows represent the directions of the spontaneous 
polarization. ( j) Cross-sectional, dark-field TEM image (top) and RSMs (bottom) about the 020O-(110-) diffraction conditions of GdScO3 
(pseuodocubic BiFeO3) with the x-ray beam incident along the [001]O, of a 14 nm thick BiFeO3 / GdScO3 (010)O heterostructure with a 
180° domain structure. Arrows indicate the positions of satellite peaks due to the periodic domain structure. (k) Room-temperature,  
in-plane magnetic hysteresis loops for a Pt/Co0.9Fe0.1/BiFeO3/GdScO3 (010)O heterostructure with a 180° domain structure (measured 
along in-plane [001]O). A loop of similarly grown Pt/Co0.9Fe0.1/GdScO3 (010)O heterostructure is shown for comparison. (Figures (i)-(l) are 
adapted with permission from [241]. Copyright 2015 American Chemical Society).
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3.3. Stabilizing polymorphic ferroelectric phases
Recent theoretical first-principles [242] and experimental 
invest igations [225, 243–247] of phase transitions in bulk 
BiFeO3 have reported numerous temperature- and pressure-
induced ferroic transitions, including phases with complex 
structures indicative of the presence of complex-tilt systems 
and off-center cation displacements, as well as insulator-to-
metal trans itions that occur at high-temperature and -pressure 
regimes. These complexities are also reflected in the temper-
ature-misfit strain phase diagram for epitaxial thin films of 
BiFeO3 that reveal several competing phases of reduced sym-
metry. Over the years, thin films of BiFeO3 have been strained 
on essentially every possible oxide substrate (spanning from 
6.6% compressive strain on YaAlO3 (110) to 1.4% tensile 
strain on PrScO3 (110)) and semiconductor wafers such as Si 
and GaN. Various low-symmetry phases including tetragonal 
(P4mm), triclinic, monoclinic MC (Cm), monoclinic MA (Cm), 
rhombohedral (R3c), monoclinic MB (Cc), and orthorhom-
bic (Ima2) phases form as one transitions from compressive 
to tensile strains. For a detailed summary of this complex 
phase evolution, the reader is directed to a recent review 
[248]. Here, for brevity, we focus on films under high com-
pressive strains of  >4.5% that result in the coexistence [249] 
of low-symmetry rhombohedral- and tetragonal-like phases. 
These mixed-phase structures are akin to the technologically 
significant morphotropic phase boundaries (MPB) (or chem-
ically-induced structural instabilities that occur in complex 
lead-based mixed perovskites such as PbZrxTi1−xO3 (PZT) and 
(x)PbMg1/3Nb2/3O3–(1  −  x)PbTiO3 (PMN-PT) at x  =  0.52 and 
x  =  0.33, respectively) [250–252]. Recently, it has been shown 
Figure 6. Evolution of the (a) energy and (b) c/a lattice parameter ratio of BiFeO3 as a function of in-plane strain. This data shows the 
presence of two phases—both with monoclinic symmetry—the highly-distorted T-like phase (left) and an R-like phase derived from the 
parent phase. The lattice mismatch between a number of commonly used and tested oxide substrates are shown as dashed lines (Reprinted 
with permission from [249]. Copyright 2009 AAAS Publishing). (c) High-resolution AFM image of a mixed-phase region, and (d) high-
resolution TEM image of the boundaries between R- and T-like regions (Reprinted with permission from [249]. Copyright 2009 AAAS 
Publishing). A smooth transition between phases is observed; no dislocations or defects are found at the interface. (e) AFM topography 
and (f) line-trace along the dashed line of a 140 nm thick BiFeO3 / LaAlO3 (001) thin film. (g) RSM about the 002-diffraction condition of 
LaAlO3 for a 130 nm-thick BiFeO3/LaAlO3 (001) thin film (Adapted from [262]. Copyright 2011 John Wiley and Sons).
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that MPB’s are the consequence of inherent structural instabili-
ties. Materials which are single-phase under ambiet conditions 
can be driven to exhibit phase competition by non-ambient 
pressures and temperature [253]. These approaches can be 
used to achieve MPB-like materials in environmental-friendly, 
lead-free compositions [254]. The discovery of such exotic 
strain-induced MPB-like features in thin films of BiFeO3 has 
caused tremendous excitement as a potential lead-free route 
to circumvent the limitations on susceptibilities in epitaxially-
clamped ferroelectric thin films [255]. Intense studies focusing 
on the origin of such complex phase-coexistence, as well as the 
implications for piezo electric, optical, and multiferroic proper-
ties and applications have been undertaken.
The first signs of the presence of a tetragonal P4mm phase 
of BiFeO3 with a giant polarization of ~150 μC cm−2 was 
observed in polycrystalline films deposited on Pt/TiO2/SiO2/
Si substrates [256–258]. Subsequent theoretical [142, 259] 
and experimental studies [260] confirmed the existence 
of this tetragonally-distorted phase. Ab initio calculations 
exploring the role of epitaxial strain on BiFeO3, showed 
that under compressive strains of  >6%, a new super-tetrag-
onal phase (derived from a structure with P4mm symmetry, 
a  ≈  3.665 Å and c  ≈  4.655 Å) with a giant c/a ratio of ~1.27 
and highly-enhanced spontaneous polarization is stabilized 
(figures 6(a) and (b)) [249, 261]. For films grown on LaAlO3 
substrates (compressive misfit-strain of ~4.5%), a mixed-
phase structure [249] with a distinctive stripe-like surface 
morphology (figure 6(c)) was observed. High-resolution 
TEM images (figure 6(d)) across these stripe-like features 
revealed the coexistence of a parent rhombohedral-like and 
the predicted super-tetragonal-like phases. Despite the large 
lattice mismatch between the two phases, the interface was 
found to be coherent without any evidence of dislocations 
indicating a gradual deformation of the structure at the inter-
face over a length scale of ~10 unit cells. Subsequent stud-
ies [262] helped uniquely identify the various phases present 
and their nanoscale spatial distribution. In this work, a careful 
comparison was drawn between the complex topographical 
features (various tilted facets of the nanostructure (figure 6(e)) 
which produce an asymmetric saw-tooth surface struc-
ture (figure 6(f )) embedded in a flat, plateau-like matrix), and 
the crystallographic tilts that were measured from sym-
metric RSM about the 001-diffraction condition of the 
LaAlO3 substrate (figure 6(g)). In turn, it was shown that 
the mixed-phase regions in these films are made up of an 
intimate mixture of highly-distorted, monoclinic phases—
a monoclinic version of the tetragonal phase (MII,tilt) with 
c  ≈  4.67 Å which is tilted ~1.5° from the surface normal and 
an intermediate, monoclinic (actually triclinic) phase (MI) 
with c  ≈  4.17 Å which is tilted ~3° from the surface nor-
mal in the opposite direction. It was also noted that the flat 
plateau-like regions are comprised of an untilted version of 
the MII phase. Finally, on occasion, a peak corresponding to 
the bulk-like BiFeO3 parent rhombohedral (R) phase (with 
c  ≈  3.97 Å) can occur in small fractions (although it is not 
part the AFM scanned area in these studies). Over the years, 
considerable details regarding the structure and symmetry 
of the phases present have emerged [261, 263–280] with 
several different names (including T′, T-like, and Tri-2 for the 
MII-phase and S′, Tri-1, and MR for the MI-phase) being used 
to refer to the various phases. Furthermore, temperature- and 
thickness-dependent studies have revealed a complex evol-
ution including a breakdown of this strain-stabilized meta-
stable mixed-phase structure to non-epitaxial microcrystals 
of the parent rhombohedral structure of BiFeO3, matching 
predictions of thickness evolution for strain-stabilized met-
astable phases [281–283]. To explain the energetics of the 
mixed-phase structure a detailed thermodynamic and elastic 
domain theory which includes contributions from interdo-
main elastic, electrostatic, and interface energies has been 
developed [284].
Electric field-dependent studies on the MPB-like, mixed-
phase structures have demonstrated enhanced electromechan-
ical responses in the mixed-phase regions that are potentially 
promising for piezoelectric applications. Scanning probe-
based local ferroelectric switching studies [262] exposed the 
hysteretic nature of the electric-field response in the mixed-
phase films (figure 7(a)). In particular, these studies revealed 
a number of important features: (1) large surface strains 
(4–5%) occur as the material transforms from a mixed-phase 
structure to the highly-distorted monoclinic MII-phase, (2) 
transformations between these two states are reversible, and 
(3) there are numerous pathways to achieve large electro-
mechanical responses in these materials—including routes 
which do not require ferroelectric switching. Furthermore, 
single-point spectroscopic piezoresponse studies [285] con-
firmed the reduced activation voltage for electric-field driven 
phase transformation as compared to ferroelectric switching 
and demonstrated a pathway to write complex “rosette” struc-
tures that can have implications for future devices. Similar 
piezoresponse studies [286] on macroscopic capacitor struc-
tures revealed a highly-enhanced d33 of ~115 pm V−1 for the 
mixed-phase BiFeO3 films as compared to a d33 of ~30 pm 
V−1 and ~50 pm V−1 for the pure tetragonal-like and rhom-
bohedral-like versions, respectively (figure 7(b)). In situ 
TEM biasing studies coupled with nanoscale electrical and 
mechanical probing [286], suggest that these large strains 
result from the field-driven motion of boundaries separat-
ing the two phases in the mixed-phase region and highlight 
the potential of materials with nanoscale phase boundary as 
a substitute for lead-based materials in future piezo-actuators. 
There has also been considerable interest in the implications 
of these strain-driven structural transitions on the multifer-
roic properties of BiFeO3. X-ray magnetic circular dichro-
ism-based photoemission electron microscopy (figure 7(c)) 
coupled with macroscopic magnetic measurements have 
revealed enhanced spontaneous magnetization in the mixed-
phase structures [287]. These measurements demonstrate 
that the intermediate monoclinic MI-phase possess enhanced 
magnetic moment as compared to the parent phase, which 
has been attributed to its piezomagnetic coupling to the adja-
cent tetragonal-like phase. Moreover, there have been several 
reports [271, 288–291] of near room-temperature ferroelec-
tric and magnetic phase transitions in these highly-strained 
versions of BiFeO3, which, along with the overall structural 
softness of the mixed-phase films, make them highly susceptible 
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to applied fields and promising for large magnetoelectric 
effects [266].
3.4. Ferroelectric superlattices
Superlattices of perovskite oxide materials offer many oppor-
tunities to develop enhanced physical properties and new 
functionalities [292]. By combining ferroelectrics with other 
functional oxides in a superlattice structure, the ferroelectric 
properties of the system can be tailored by rationally engi-
neering the relative thicknesses of the ferroelectric and 
non-ferroelectric layers and the boundary conditions (i.e., 
epitaxial strain, electrostatic coupling, size effects, interfa-
cial effects, etc.) [293]. In this regard, theoretical calculations 
of superlattice structures have spurred interest in how to cre-
ate new artificial ferroelectrics with enhanced properties and 
unusual polarization profiles [117, 294–299], and have driven 
experiments to realize these predictions in two-comp onent 
Figure 7. (a) AFM image (left) and vertical PFM image (right) of a 100 nm BiFeO3/La0.5Sr0.5CoO3/LaAlO3 (001) film in the as-grown 
state (0 V) and after being poled in the box at various voltages (all images are 1  ×  1 μm). At the center is a schematic hysteresis loop that 
shows the pathway to enhanced electromechanical responses (Adapted from [262]. Copyright 2011 John Wiley and Sons). (b) Piezoelectric 
hysteresis loops from T-like (blue curve), R-like (green curve) and mixed-phase (purple and orange curves) BiFeO3 thin films, grown by 
pulsed-laser deposition (PLD) and chemical vapor deposition (CVD), measured in capacitors with a diameter of 32 μm (Reprinted with 
permission from [286]. Copyright 2011 Nature Publishing Group). (c) XMCD-PEEM image of a mixed phase BiFeO3 film (Reprinted with 
permission from [287]. Copyright 2011 Nature Publishing Group).
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[300–311] and three-component ferroelectric superlattices 
[312, 313]. For instance, first-principle calculations have 
predicted that the spontaneous polarization of BaTiO3 can be 
significantly enhanced by creating superlattices with SrTiO3 
(which is paraelectric in the bulk), wherein the SrTiO3 layers 
become tetragonal and are driven to possess nearly the same 
polarization as the BaTiO3 layers [117]. These predictions were 
experimentally validated in 2005 [313] in a three-comp onent 
BaTiO3/SrTiO3/CaTiO3 superlattice where two of the 
comp onents, SrTiO3 and CaTiO3 are parelectric materials. 
Furthermore, by preserving the epitaxial strain and combin-
ing heterointerfacial couplings, an overall 50% enhancement 
in ferroelectric polarization of the superlattice with respect to 
similarly grown pure BaTiO3 films was demonstrated. The use 
of three different components results in inversion symmetry 
breaking in the superlattice, which, in turn, allows the pres-
ence of built-in fields that result in an asymmetry in the two 
polarization states [295, 312]. This extra degree of freedom for 
controlling the physical properties of complex-oxide superlat-
tices has been leveraged to create ferroelectricity in NdMnO3/
SrMnO3/LaMnO3 superlattices comprising entirely of non-
ferroelectric layers [314]. More recently, PbTiO3/SrTiO3  
ferrroelectric-paraelectric superlattices have attracted significant 
attention. First, in ultrashort period superlattices, researchers 
observed the formation of a new “improper” ferroelectricity. 
Using first-principle calculations, it was demonstrated that the 
observed recovery of ferroelectricity in (PbTiO3)1/(SrTiO3)1 
superlattices can be explained by a complex ground state 
arising from an unexpected coupling (so called “trilinear 
coupling”) between antiferrodistortive and ferroelectric insta-
bilities (figures 8(a)–(c)) [306]. More interestingly, in such 
ultrashort-period superlattices, the ferroelectric polarization is 
not the primary order parameter and it couples linearly with 
two antiferrodistortive distortions in a way similar to improper 
Figure 8. In short-period PbTiO3/SrTiO3 superlattices, the ferroelectric mode (a) FEz, couples to two antiferrodistortive modes (b) AFDzi and 
(c) AFDzo, inducing an improper ferroelectric state. The particular set of structural distortions that condenses is sensitive to biaxial strain and 
thus other ground states with different couplings can be engineered (Reprinted with permission from [306]. Copyright 2008 Nature Publishing 
Group). (d) Observation of vortex/anti-vortex structures in intermediate periodicity (PbTiO3)10 / (SrTiO3)10 superlattices using cross-sectional, 
atomic-scale imaging using STEM (the overlaid polarization vector maps represent the locally extracted polar distortion). (e) A magnified 
image of a single vortex/anti-vortex pair where the polarization state within such pairs can be visualized. (f ) Phase-field simulations of the 
same superlattice structure also predicting the vortex/anti-vortex pairs. (g) The curl of polarization (∇  ×  P) for a single vortex pair, extracted 
from the cross-section STEM polarization vector map (Reprinted with permission from [324]. Copyright 2016 Nature Publishing Group).
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ferroelectrics. This interesting observation holds the potential 
to achieve many useful properties such as large temperature-
independent dielectric constants and insensitivity to depolar-
ization-field-driven ferroelectric size effects that are common 
in improper ferroelectrics [292, 315]. The trilinear coupling of 
several structural instabilities at interfaces presents a new strat-
egy for designing ferroelectric and multiferroic materials (and 
need not be restricted to the PbTiO3/SrTiO3 system) [316, 317].
In addition to such exotic interfacial coupling, by ration-
ally tuning the thickness of each component and the epitaxial 
strain, recent works on ferroelectric/paraelectric superlat-
tices have demonstrated the ability to: tune the magnitude of 
the polarization and transition temperatures [305], vary the 
tendency for formation of 180° stripe nanodomains [308], 
enhance di electric [308] and piezoelectric response [311], pro-
duce exotic field-dependent domain and polarization changes 
[318], induce new phenomena in new superlattice varieties 
[306, 310], and give rise to complex flux-closure domain 
structures [319]. Theoretical studies have also predicted that 
the complex interplay between strain, depolarization, and gra-
dient energies in ferroelectric/paraelectric heterostructures 
under confined geometries can stabilize non-trivial polariza-
tion modes such as vortices and skyrmions [297, 320–323]. 
By tuning the superlattice periodicity of PbTiO3/SrTiO3 
superlattices grown on DyScO3 (110) substrates to interme-
diate length scales (tens of unit cells), researchers have been 
able to observe ordered arrays of vortex-like structures 
(figures 8(d)–(g)) [324]. The observation of such exotic inho-
mogeneous polarization modes promises phase diagrams rich 
in topological textures [325], akin to those of liquid crystals, 
and the emergence of new functionalities [326].
3.5. Novel polar materials by design
Strain engineering of complex-oxides thin films is being 
increasingly explored to produce novel polar and ferroelectric 
states that are unstable at standard pressures and temperatures. 
The inherent sensitivity of ferroelectric instability to lattice 
strain can be exploited to stabilize novel ferroelectrics and 
multiferroics where the ferroelectric state is often destabilized 
due to the existence of magnetism [26, 27]. A flagship exam-
ple in recent years is EuTiO3. In 2006, first-principles work 
predicted that epitaxial strain could transform EuTiO3, which 
is neither ferroelectric nor ferromagnetic in the bulk, into a 
ferroelectric-ferromagnet [327]. The work predicted that 
appropriately strained EuTiO3 thin films should be simultane-
ously strongly ferromagnetic (Ms  ≈  7 μB/Eu) and ferroelec-
tric (Ps  ≈  10 μC cm−2). These values are orders of magnitude 
higher than any known ferroelectric-ferromagnet and are 
comparable to the best materials that are solely ferroelectric 
or ferromagnetic. To test these predictions, commensurately-
strained EuTiO3 films were grown on three substrates: (LaAl
O3)0.3(Sr2TaAlO6)0.7 (001), SrTiO3 (001), and DyScO3 (110) 
to impart  −0.9%, 0%, and  +1.1% biaxial strain, respectively 
(figure 9(a)). Experimental measurements (figures 9(b) and 
(c)) confirmed that the EuTiO3/DyScO3 heterostructures were 
simultaneously ferromagnetic and ferroelectric, while on the 
other substrates it was not [328]. These studies exemplify the 
opportunity to use strain to simultaneously control multiple 
order parameters and as a viable route to create new multifer-
roics. In this regard, appropriate materials tend to be those 
that (1) possess a ground state in the absence of strain that is 
antiferromagnetic and paraelectric, (2) are at the brink of a 
Figure 9. Strain-driven multiferroism in EuTiO3 epitaxial thin films. (a) Predicted effect of epitaxial strain on EuTiO3. (b) Temperature-
dependence of the magnetization measured using both MOKE and SQUID magnetometry. (c) SHG hysteresis loop (blue) and 
corresponding polarization loop (red) for EuTiO3 on DyScO3 (110) at 5 K. The data reveals that epitaxial EuTiO3 thin films on DyScO3 are 
ferroelectric and ferromagnetic below 5 K. (Reprinted with permission from [328]. Copyright 2010 Nature Publishing Group).
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ferroelectric transition (incipient ferroelectrics), and (3) pos-
sess a large spin-phonon coupling [327]. Other exciting exam-
ples of the strain-induced ferroelectricity/ferromagnetism 
include: quantum paraelectric SrTiO3 [112, 305] and KTaO3 
[329]; ferromagnetic BiMnO3 (although first-principles 
calcul ations and structural refinements have recently brought 
the ferroelectric/multiferroic nature into question) [100, 
330–332]; antiferroelectric PbZrO3 [333]; antiferromagn etic 
CaMnO3 and SrMnO3 [328, 334]; and even simple rock-salt 
binary oxides, BaO and EuO [335].
While these routes to strain-tune ferroelectrics have been 
successfully implemented to alter the crystal and domain 
structures and responses, these approaches have been some-
what conventional in design. In turn, there is significant room 
to diverge from these conventional approaches expanding the 
possibility of structures, responses, and effects that can be 
achieved. In the following section  we will explore some of 
these more exotic and unconventional routes that have been 
employed to impose strain on ferroelectric materials.
4. Unconventional strain control of epitaxial 
ferroelectrics
There is a growing trend to push beyond what can be induced 
via conventional, biaxial strain and to explore the limits of 
what can be achieved using new types of strain. This transition 
to new types of strain acknowledges a number of limitations 
with traditional strain control of materials: (1) The magnitude 
of the strain that can be applied before the onset of relaxation 
is generally relatively small (1–2% typically); (2) The thick-
ness of a coherently-strained film must be maintained below 
a critical thickness for strain relaxation typically rendering 
films unsuitable for high-voltage applications; and (3) There 
is a lack of continuous tunability arising from the limited 
number of substrates. These factors put stringent limits on our 
ability to manipulate the properties and enhance performance 
on demand. With this in mind, researchers have explored a 
wide array of novel approaches to create enhanced strain 
states. Although there are many interesting examples, here we 
highlight just a few.
4.1. Thermal mismatch strain
Beyond misfit strain, differences in thermal expansion coef-
ficients (TEC) between a film and substrate can result in 
large, in-plane thermal mismatch strains upon cooling from 
growth temperature to ambient conditions [184, 336–340]. 
These effects can be particularly important as thermal mis-
match strains can impose significant strains even in the 
absence of lattice-mismatch. In turn, this enables the exten-
sion of strain engineering to thicker films which is important 
for high-power/voltage ferroelectric and piezoelectric appli-
cations. While the presence of these effects have been known 
for a long time, in general, these effects have been minimally 
utilized to tune ferroelectric materials. In the few instances 
where these effects have been exploited they have had a sig-
nificant influence on the structure and materials properties. 
For instance, thermal misfit strains have been shown to result 
in c-axis-orientated PbTiO3 thin films when grown on single 
crystal MgO (001) substrates despite the tensile nature of 
lattice-misfit strains [341], and that it is possible to stabilize 
a tetragonal phase in PbZr0.65Ti0.35O3 on SrRuO3/LaNiO3 
buffered CaF2 substrates [342] despite it being composition-
ally rhombohedral in the bulk. In addition, these thermal 
misfit strain effects can significantly impact the nature of the 
ferroelectric phase transition [343], and even provide addi-
tional and significant secondary contributions to pyroelectric 
responses [208, 344].
4.2. Orientation-driven strain control
Most research on epitaxial strain control of ferroelectricity in 
literature has been dominated by ferroelectric thin film het-
erostructures and devices grown on (00l )-oriented perovskite 
substrates. Nevertheless, there is increasing interest in the 
possibility of applying biaxial strain along other crystallo-
graphic planes to manipulate the nature of the ferroelectric 
phase and also engineer complex domain morphologies that 
are inaccessible in (001)-oriented films [345, 346]. In part-
icular, it has been known that complex domain structures with 
highly-enhanced dielectric and piezoelectric susceptibilities 
can be engineered by electrically poling bulk single-crystal 
ferroelectrics along non-polar directions that form equivalent 
angles with at least two possible directions of spontaneous 
polarization (sometimes referred to as frustrated poling) 
[97, 347–350]. Appropriate choice of substrate-orientation, 
allows the combination of such electric poling-based approaches 
of domain engineering and biaxial-strain control of ferroelectric 
order to optimize desired functionalities.
In this regard, a number of theoretical studies have focused 
on the effect of epitaxial strain on (111)- and (110)-oriented 
epitaxial thin film ferroelectrics [200, 204, 350–352]. For 
instance, first-principles calculations have suggested that a 
complex phase transition process can occur in (111)-oriented 
PbTiO3 and BaTiO3 thin films [351], and that an unexpected 
triclinic phase and three distinct monoclinic phases may be 
possible in (110)-oriented BaTiO3 films [200]. At the same 
time, for (101)-oriented PbZr1−xTixO3 films with composi-
tions near the MPB, phase-field simulations have predicted 
mobile two-domain configurations that can greatly enhance 
piezoelectricity. Recent work has compared the strain-com-
position phase diagram for (001)-, (110)-, and (111)-oriented 
PbZr1−xTixO3 thin films using 3D, polydomain Ginzburg–
Landau–Devonshire-based thermodynamic models [352]. 
These studies have shown that the use of film orientation can 
dramatically alter the energetics of competing ferroelectric 
phases with the potential to stabilize low-symmetry phases 
with highly-enhanced susceptibilities.
Driven by these theorietical studies, experimentalists have 
explored the role of film-orientation on the structure and 
properties of model ferroelectrics including PbZr1−xTixO3 
and BiFeO3 [229, 353–355]. Recent work on (111)-oriented, 
tetragonal PbZr0.2Ti0.8O3 films highlighted how domain-wall 
contributions to dielectric susceptibilities and ferroelectric 
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switching characteristics can be dramatically tuned with film 
orientation [348, 349, 354]. First, the domain morph ology 
for (001), (110)-, and (111)-oriented PbZr0.2Ti0.8O3 thin 
films (figures 10(a)–(c), respectively) are dramatically differ-
ent. Particularly, (111)-oriented films reveal a high-density, 
nanotwinned domain morphology and large enhancements 
in dielectric permittivity under low-field excitation (figure 
10(d)). This effect can be understood as a result of so-called 
stationary or frozen contribution to the permittivity arising 
from the response of the volume of the ferroelectric material 
within the finite width of the domain walls [356–361], which 
has recently been found to be as much as 80-times larger than 
the intrinsic response [354]. Furthermore, different switch-
ing behaviors between (001)-/(101)- and (111)-oriented 
films were observed, with the latter exhibiting considerably 
broadened ferroelectric switching characteristics and lower 
threshold fields for the onset of nonlinearity (figure 10(e)). 
Both experiments and molecular dynamics simulations 
revealed the presence of 180° and multi-step 90° switching 
processes in (001)-/(101)- and (111)-oriented films, respec-
tively. This multistep switching process was attributed to 
the presence of nanotwinned domain structure consisting of 
degenerate polarization variants that alter the elastic bound-
ary conditions and reduce the substrate clamping [353]. 
Such 90°-switching-mediated domain reversal also provides 
new avenues to achieve low-power, multi-state switching 
processes for next-generation memory applications. These 
studies will undoubtably motivate additional studies of fer-
roelectric thin films with non-standard orientations (includ-
ing those grown on highly miscut substrates) as a means to 
control crystal structure and domain morphology.
4.3. Chemical- and defect-induced strain
While chemistry has been traditionally used to manipulate 
material properties, it can also be used to access and manipulate 
novel strain states. Rare-earth doping in BiFeO3, for instance, 
has been found to give rise to an MPB consisting of coexist-
ing rhombohedral and orthorhombic domains [362–369]. 
For instance, in the case of Sm-doped BiFeO3 thin films, the 
crystal structure evolves from rhombohedral to orthorhombic 
with increasing Sm-content. At the same time, the ferroelec-
tric hysteresis loop shape transitioned from a standard single 
ferroelectric loop for Sm composition  <13% to a double-loop 
for Sm-compositions  >14% (figure 11(a)). On the other hand, 
films doped with rare-earths with comparable ionic radius to 
Bi3+, such as La3+, do not give rise to MPB-like coexistence, 
and ferroelectric double loops are not observed (figure 11(b)) 
[367–369]. Comprehensive invest igations using several differ-
ent rare-earth dopants have revealed a universal behavior for 
the presence of this phase boundary with enhanced di electric 
and piezoelectric responses (figures 11(c) and (d) respectively), 
Figure 10. Lateral and vertical (Acosθ, combining phase θ and amplitude A, inset) PFM images for equilibrium domain structures of (a) (001)-,  
(b) (101)-, and (c) (111)-oriented PbZr0.2Ti0.8O3/La0.7Sr0.3MnO3/SrTiO3 heterostructures. (d) The dielectric permittivity measured at an ac 
excitation voltage of 50 mV for (001)-, (101)-, and (111)-oriented PbZr0.2Ti0.8O3 thin films (solid line). The dashed lines show the predicted 
permittivity (including intrinsic and extrinsic contributions) from GLD models. (e) Polarization - electric field hysteresis loops measured at 1 kHz 
for (001)-, (101)-, and (111)-oriented PbZr0.2Ti0.8O3 thin films (Reprinted from [353, 354]. Copyright 2014 Nature Publishing Group).
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wherein the structural and functional properties can be described 
simply by chemical strain, with the averaged A-site ionic radius 
as the primary controlling parameter [362, 363, 365–369].
Concurrently, engineered defect structures have also gar-
nered attention as another route to control strain and function-
ality in ferroelectric materials. For instance, researchers have 
controllably inserted defect-layers of SrO2 (that preferentially 
form under Sr-excess conditions) into a SrTiO3 lattice at regular 
intervals to create low-loss Ruddlesden–Popper planes (figure 
11(e)) [370]. When the number of perovskite layers between 
(SrO)2 layers (n) is sufficiently large, the centrosymmetry of 
the Srn+1TinO3n+1 system can be broken under biaxial tensile 
strain to give rise to a local ferroelectric instability, and highly 
enhanced di electric responses. Furthermore, the tendency to 
form low-loss (SrO)2 planar defects to accomodate non-sto-
ichiometry related defects mitigates point defect formation in 
these systems and minimizes related dielectric losses. In turn, 
these films have figures  of merit higher than any other tun-
able dielectric material at room temperature and comparable 
applied field (figure 11(f )) [370]. This study underscores the 
importance of the combination of defect- and strain-control in 
ferroelectric thin films and complements the growing evidence 
that small changes in the chemistry and defect structures can 
have a marked influence on ferroic properties [371–375].
In another instance, it has been recently shown that that pre-
viously observed anomalous lattice expansion in BaxSr1−xTiO3 
thin films [376–379] are related to defect complexes that can 
be accessed through careful control of growth processes [380]. 
These defect complexes possess both an elastic and an electri-
cal dipole that couples to the epitaxial strain and ferroelectric 
polarization, respectively, and can be preferentially aligned to 
produce large anisotropic lattice deformations and enhanced 
deformations states. The strain-induced alignment of defect-
dipoles was exploited to induce deterministic additional out-of- 
plane strains in epitaxial BaTiO3 thin films to controllably 
enhance the TC to temperatures as high as 800–1000 °C with-
out any need to change substrates (figures 11(g)–(i)) [380]. 
Such combined control of epitaxial strain and growth-induced 
defect-structures offers a potential pathway, decoupled from 
expensive oxide substrates, to strain engineer materials.
4.4. Ferroelectric nanocomposites
Self-assembled, ferroelectric nanocomposites offer a route 
to achieve strong elastic coupling between components due 
to the increased interfacial area (between the matrix and the 
ferroelectric) compared to the area of the substrate-film interface. 
The most widely used method to synthesize nanocomposite 
oxide materials is to deposit a mixture of the two component 
materials, often a perovskite and a spinel (although other mix-
tures are possible), with the desired ratio of the two phases. 
During the growth process the co-deposited phases separate 
due to immiscibility or a spinodal instability [381]. The result-
ing architecture of such nanocomposites generally falls into 
Figure 11. (a) Polarization-electric field hyseteresis loops for Sm-doped BiFeO3 films showing a clear transition from ferroelectric to 
antiferroelectric behavior with increasing Sm-content. Such behavior is not observed in (b) La-doped BiFeO3 due to the smaller ionic 
radius of the dopant ions (Reprinted with permission from [367]. Copyright 2011 AIP Publishing LLC). Both (c) ε33 and (d) d33 improve 
as a function of rare-earth dopant-concentration to the respective MPB compositions (Reprinted with permission from [369]. Copyright 
2010 AIP Publishing LLC). (e) Bright-field STEM image of a Srn+1TinO3n+1 thin film with n  =  6 showing alternating perovskite (dark) and 
SrO2 (light) layers. (f) In-plane dielectric tunability of the same Srn+1TinO3n+1 thin films with n  =  6 at microwave frequencies and (inset) 
frequency-dependent dielectric response at various applied bias fields (Reprinted with permission from [370]. Copyright 2013 Nature 
Publishing Group). Reciprocal space maps about the 103-diffraction condition of BaTiO3 films grown at laser fluence of (g) 1.5 and (h) 
2.7 J cm−2 that reveal that lattice expansion can be tuned using the growth process by  >4%. (i) Ferroelectric hysteresis loops of BaTiO3 
films measured at 10 kHz which show ferroelectric behavior up to 500 °C and (inset) revealing the temperature dependent evolution of the 
polarization and dielectric constant from 25 to 500 °C (Adapted with permission from [380]. Copyright 2014 John Wiley and Sons).
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one of three types: (1) nanoparticles of one phase embedded 
in a matrix of the other, (2) a lamellar structure reminiscent of 
traditional heteroepitaxial multilayers, or (3) a vertical array 
of columns of one phase embedded in a matrix of the other. 
The architecture of a given nanocomposite system is dictated 
by the ratio and relative interfacial energies of the two phases. 
Unlike pure-phase perovskite or traditional heteroepitaxial 
multilayers, nanocomposites are typically unable to maintain 
coherent in-plane strain to the substrate beyond a few tens of 
nanometers due to the massive interfacial area between the 
two composite phases. Allowing large interfacial strain due 
to out-of-plane lattice-mismatch between the two composite 
phases that can be maintained to films thickness in excess of 
a micron. For example, in the BiFeO3–Sm2O3 system, verti-
cal strains of up to 1.5% have been achieved in films up to 
150 nm thick [382–384]. As a result, the di electric permit-
tivity is enhanced and the dielectric losses are suppressed as 
compared to pure BiFeO3. This effect can be further enhanced 
by decreasing the column width and increasing the interfa-
cial area (achieved by increasing the growth rate) [381–383, 
385]. Building on the vertical strain stabilization observed 
in the BiFeO3–Sm2O3 system, work on the BaTiO3–Sm2O3 
system revealed that vertical strains as large as 2.35% 
can be maintained in BaTiO3 even in films  >1 μm thick. 
In such structures, the tetragonality of the BaTiO3, an indica-
tor of potential ferroelectricity, was maintained up to 800 °C 
(well above the bulk TC), due to the large vertical strain 
imposed by the stiffer Sm2O3 matrix [384, 385]. In addition 
to improved dielectric performance, nanocomposite films 
can be engineered to exhibit enhanced magnetic responses, 
such as in the BiFeO3–Fe3O4 system [386–388] wherein the 
room-temper ature magnetization of the nanocomposite film is 
nearly four times that of a pure-Fe3O4 film. Furthermore, the 
polar response of the BiFeO3 phase is retained, causing the 
composite film to simultaneously exhibit strong ferromagn-
etic and ferroelectric ordering at room temperature. The large 
interfacial area of the nanocomposite architecture provides 
promise for enhanced magnetoelectric effects and coupling, 
such as those previously observed in BaTiO3–CoFe2O4 and 
BiFeO3–CoFe2O4 [389–391] nanocomposites. The ability to 
obtain such strong coupling between ferroelectric and non-
ferroelectric components of nanocomposites provides prom-
ise significantly enhance our ability to engineer materials with 
strong magnetoelectric coupling.
4.5. Interface-, surface-, and octahedral-rotation-driven states
Ferroelectricity is usually induced by polar displacements of 
second-order Jahn–Teller active cations on the B-site (com-
monly d 0 transition metals ions, such as Ti4+) and/or on the 
A-site (lone-pair active cations, such as Pb2+ and Bi3+) [31]. The 
cation displacements that induce ferroelectricity (i.e., proper 
ferroelectricity), however, are often incompatible with and/or 
weakly coupled to magnetic ordering (which requires partially 
filled orbitals), making multiferroics rare in nature [392]. In 
2011, theoretical studies posited a new type of ferroelectric-
ity, so called “hybrid improper ferroelectricity,” which could 
be induced by engineering the oxygen octahedra rotations in 
perovskite-derived structures [317]. The key observation was 
that the rotation distortion is a combination of two nonpolar 
modes with different symmetries. Soon after, a generic design 
algorithm for the development of such octahedral-rotation-
induced ferroelectrics was reported [393]. In turn, this led to 
the articulation of another related pathway to ferroelectricity 
whereby a spontaneous and switchable polarization emerges 
from the destruction of an antiferroelectric state due to octa-
hedral rotations and ordered cation sublattices [394]. Recent 
studies have provided the first experimental demonstration of 
room-temperature switchable polarization (figures 12(a)–(c)) 
in Ruddlesden–Popper compounds Ca3Ti2O7, as well as 
Sr-doped Ca3Ti2O7 [395]. Furthermore, the planar domain 
structure observed in (Ca,Sr)3Ti2O7 accompanies abundant 
charged domain walls with conducting head–head and insulat-
ing tail–tail configurations, exhibiting a conduction difference 
of two orders of magnitude. Moreover, unlike proper ferro-
electricity, hybrid-improper ferroelectricity does not require 
B-site cations with d 0 electronic configuration. Cations with 
strong magnetic interactions, are thus able to coexist and 
Figure 12. (a) and (b) Crystallographic structure of Ca3−xSrxTi2O7 with the orthorhombic A21am space group. The red (blue), white  
(dark green), and light-blue spheres represent Ca/Sr in the rock-salt (R) block and perovskite (P) block, planar (apical) oxygen of the TiO6 
octahedra, and Ti at the center of the TiO6 octahedra, respectively. The red and blue arrows depict Ca/Sr displacement along [100] ║ a in the 
R and the P block, respectively. (c) Polarization-electric field hysteresis loops for Ca3−xSrxTi2O7 (x  =  0, 0.54, 0.85) single crystals at room 
temperature with electric fields applied along the [110] (along the twin boundaries) at frequency f  =  260 Hz. (Reprinted with permission 
from [395]. Copyright 2015 Nature Publishing Group).
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couple to sizable electric polarizations; thus centric octahedral 
rotation-induced ferroelectricity provides a plausible route 
to achieving robust multiferroics. This was exper imentally 
confirmed recently by using crystal chemistry to engineer 
specific atomic displacements and octahedral rotation in 
(CaySr1−y)1.15Tb1.85Fe2O7, where it was shown that the polar-
ization and magnetization can co-exist in a layered perovskite 
at room temperature [396].
In a similar spirit, there is growing work on the role of 
interface symmetry, chemistry, and octahedral rotational 
mismatches and how these effects can induce deterministic 
changes in ferroelectrics [397–400]. For instance, the direc-
tion of ferroelectric polarization can be tuned by precisely 
changing the atomic-scale interface between the ferroelec-
tric (BiFeO3) and the bottom electrode (La0.7Sr0.3MnO3) 
[401]. Specifically, by switching the termination of the 
La0.7Sr0.3MnO3 from La0.7Sr0.3O- to MnO2-terminated surfaces 
and exploiting interfacial valence mismatch, one can influence 
the electrostatic potential step across the interface and thus 
the preferred direction of ferroelectric polarization. Further 
atomic-resolution scanning TEM studies mapped the lattice 
parameters and oxygen octahedral rotations across the ferro-
electric-bottom electrode interface and discovered a meso-
scopic antiferrodistortive phase transition near the interface 
in BiFeO3 showing changes in electronic properties in inter-
face adjacent layers [402]. As new ways of quantifying and 
inducing such octahedral rotations are further developed, this 
field could represent an exciting new arena for ferroelectric 
materials design. For example, in BiFeO3 new results suggest 
that the monoclinic distortion of scandate substrates, result-
ing from oxygen octahedral rotation, is the driving force for 
domain variant down-selection. Using ultrathin, cubic SrTiO3 
buffer layers, researchers isolated the effect of “symmetry 
mismatch” from “lattice mismatch” on domain formation and 
showed that two-variant stripe domains are observed in films 
grown directly on orthorhombic DyScO3, while four-variant 
domains are observed in films grown on SrTiO3-buffered 
DyScO3 when the buffer layer is  >2 nm thick [227].
4.6. Strain gradients and flexoelectricity
Conventionally strain effects are considered only in the con-
text of homogenous strains; however, recently it has been 
observed that large strain gradients (commonly on the order 
of 105 m−1) can exist in thin films and can give rise to uncon-
ventional effects [169, 403–407]. The presence of strain gra-
dients are part icularly interesting because of the potential for 
strong so-called flexoelectric effects [408]. Flexoelectricity 
refers to the linear coupling of a strain gradient ( / )ε∂ ∂xij k  and 
the polarization (Pi) of a material; an interaction mediated by 
the fourth-rank flexoelectric tensor (µijkl). Flexoelectricity can 
be understood by considering convex bending of a thin film 
such that the top of the film is under tension and the bottom is 
under compression, thereby generating a strain gradient (figure 
13(a)). Upon bending, the B-site cation (whose displacement is 
related to the polarization) can move within the unit-cell gener-
ating a polarization even in centrosymmetric materials or mod-
ifying the polarization in ferroelectrics. These flexoelectric 
effects (or effects that mimic those arising from flexoelectric-
ity) can alter the ferroic response of materials [409, 410], allow 
for mechanically-induced ferroelectric switching [397, 411, 
412], drive horizontal shifts of ferroelectric hysteresis loops 
[403, 404, 413–415], and allow for independent tuning of typi-
cally coupled ferroelectric susceptibilities [169, 403].
At first pass, one might assume that flexoelectricity could 
be easily studied by applying an external inhomogene-
ous strain to a material, and initially, researchers took this 
approach [397, 416–424]. While it was possible for research-
ers to measure changes in polarization and extract a value of 
the flexoelectric coefficient, these experiments were impre-
cise, with even the best experimental designs having limited 
control and ability to measure the strain and electric field 
gradients necessary to accurately measure flexoelectricity 
[420, 422]. In turn, these measurements commonly resulted in 
flexoelectric coefficients which varied by more than an order 
of magnitude between studies [423, 424]. The discussion is 
further complicated by the fact that experimentally measured 
values of flexoelectric coefficients are typically orders of mag-
nitude larger [421, 425–427] than theoretically predicted val-
ues [425, 428, 429]. This has led many to hypothesize as to the 
origin of this discrepancy including suggestions of the role of 
polar clusters/nanoregions [430–433], inhomogenously dis-
tributed electronic/ionic defects [434], polarization gradients 
(in the presence of screening charges which minimize depolar-
ization fields) [435], surface piezoelectricity [410, 436, 437], 
dynamic piezoelectricity [438–441], and other forms of mac-
roscopic symmetry breaking [442], yet there is still no way to 
truly reconcile this discrepancy [429, 443].
Even if the magnitude or the sign of these effects are difficult to 
understand, the influence of flexoelectricity on mat erial structure 
and responses are starting to be understood. To begin, it is impor-
tant to be able to controllably engineer strain gradients in ferro-
electric thin films, and one of the most developed approaches to 
do this involves generating a defect gradient, producing a strain 
gradient (as graphically depicted, figure 13(b)). This approach 
has been successfully employed to produce strain gradients on 
the order of 105 m−1 in HmMnO3 by varying the oxygen partial 
pressure during growth [405, 406] and in BiFeO3 by varying film 
thickness and temperature [444]. In an alternative approach, large 
strain gradients have been generated by growing composition-
ally-graded heterostructures where “chemical pressure” imposed 
by the lattice parameter evolution with composition can be used 
to generate large strain gradients in coherently strained films 
(shown graphically in the PbZr1−xTixO3 system, figure  13(c)) 
[403, 404, 415]. Recently, detailed scanning TEM and geomet-
ric phase analysis studies has also revealed that polarization 
rotation and large strain gradients (once again on the order of 
105) can exist at ferroelastic domains walls [409, 445]. The most 
pronounced strain gradient (or flexoelectric) effect is the pres-
ence of voltage shifted ferroelectric hysteresis loops. The shift, 
or the so-called built-in potential, is typically quantified in terms 
of the midpoint of the coercive fields and has been reported to 
be as large as 30 kV cm−1 (0.75 V) in BiFeO3 [444], 50 kV cm−1 
(1.75 V) in HoMnO3 [406], 100 kV cm−1 (1.5 V) in BaTiO3 [380], 
and 200 kV cm−1 (2 V) in compositionally-graded PbZr1−xTixO3 
(figure 13(d)) [404]. In addition, the strain gradients that result 
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from defect segregation can produce non-switchable rectifying 
diode behavior [444, 446].
Using compositionally-graded heterostructures as a model 
system, it was observed that the flexoelectric effects (as measured 
through the built-in potential) do not follow simple predictions 
based on the chemical and strain gradient form, and instead is 
enhanced by the inclusion of the morphotropic phase boundary 
(where the lattice parameter evolution and dielectric constant are 
the greatest) and/or when ferroelastic domains are present (fig-
ure 13(e)) [415]. These extra, symmetry breaking contributions 
(which can mimic flexoelectricity) and are typically included in 
experimental measurements could potentially resolve the discrep-
ancy between the theoretical and exper imental measures of flexo-
electric effects. Regardless of the origin, the built-in potentials 
alter the material response in a manner similar to an externally 
applied electric field, causing the suppression of the intrinsic and 
extrinsic contrib utions to the dielectric permittivity [403, 447], 
while having minimal detrimental influence to ferroelectric 
polarization. Using this approach, it has been shown that it is pos-
sible to achieve responses significantly lower than the intrinsic 
response (figure 13(f)). For instance, in compositionally-graded 
heterostructures, the lowest reported di electric permit tivity in 
PbZr1−xTixO3 of ~64 at 10 kHz has been achieved without impact 
on the magnitude of the polarization [415]. This combination of 
properties is particularly useful to optimize the figure of merit 
of these materials for a range of advanced applications where 
the electromechanical [448–450] ( / ε ε=k e c r2 2 0, where e is the 
direct-effect piezoelectric coefficient and c is the material stiff-
ness, εr is the dielectric permittivity, and ε0 is the permit tivity of 
free space) and thermal [449, 451, 452] ( /pi ε ε=k T Cp r2 2 0, where 
pi is the pyroelectric coefficient,  T is the temperature of opera-
tion, and Cp is the heat capacity) device efficiency is defined by 
so-called coupling factors. Routes to tune mat erial stiffness, heat 
capacity, etc. are limited and thus the ability to tune these fig-
ures of merit is confined to routes, such as through flexoelectric 
Figure 13. (a) Schematic illustration indicating the fundamental principles of flexoelectricity. (b) Illustration of methodologies for generating 
strain gradients through controlled defects. The top shows a diagram indicating strain relaxation caused by oxygen vacancies in HoMnO3; 
the bottom, indicates how growth pressure can be used to tune the magnitude of strain relaxation and, in turn, the flexoelectric effects 
(reproduced from Reprinted with permission from [405]. Copyright 2012 American Chemical Society. Reprinted with permission from 
[406]. Copyright 2011 by the American Physical Society). (c) Phase diagram and lattice parameter evolution within the PbZr1−xTixO3 
system which indicates how compositionally-graded heterostructures with large strain gradients can be formed (Reprinted with permission 
from [415]. Copyright 2015 American Chemical Society). (d) Polariation-electric field hysteresis loops of various single-composition 
and compositionally-graded heterostructures demonstrating the influence of flexoelectric effects in generating large built in potentials 
(Adapted from [403]. Copyright 2013 American Chemical Society). (e) Plot of measured built-in potential as a function of film thickness for 
compositionally-graded heterostructures of various thickness and compositional-gradient form. The dashed line and small diamond markers 
represents an estimation of the built-in potentials based on the flexo-chemo-electric coefficient of the 50 nm (20,80) heterostructures. This 
work indicates that the built-in potentials are significantly enhanced by the presence of large local strain gradients such as those arising from 
ferroelastic domains walls and/or transitions through the MPB (Reprinted with permission from [415]. Copyright 2015 American Chemical 
Society). (f) Low-field dielectric permittivity measured as a function of frequency for various single-layer and compositionally-graded 
heterostructures highlighting the role of the built-in potential in significantly suppressing the intrinsic and extrinsic contributions to the 
dielectric permittivity (Reprinted with permission from [404]. Copyright 2013 John Wiley & Sons).
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effects that decouple the piezoelectric or pyroelectric coeffi-
cients from the permittivity. In this regard, it has recently been 
shown that because the built-in potential significantly reduces the 
di electric permittivity while having minimal impact on the pyro-
electric coefficient resulting in a significant improvement in the 
figures of merit compared to PbZr1−xTixO3 heterostructures with-
out strain gradients, which are even greater than commonly used 
pyroelectric single crystals such as LiNbO3, and LiTaO3 [403].
5. Strain-driven developments in ferroelectric 
applications
In the previous sections we have discussed in detail the recent 
developments in strain-based routes to tune ferroelectric 
responses and even create new functionalities in materials. 
These studies while meritorious on their own are most impor-
tant when they can be utilized to achieve a new or improved 
functional device. Here we highlight some of the most excit-
ing works which utilized strain-tuned ferroelectric materials 
to create functional devices.
5.1. Integration of strained ferroelectrics in microelectronic 
devices
To realize strain-effects in ferroelectric-based microelectronic 
devices requires the ability to incorporate strained ferroelec-
tric materials in a way compatible with industry standards and 
fabrication processes (at the wafer, chip, and package levels) 
as the semiconductor industry is notoriously reluctant to inte-
grate new materials and processes. Such devices cannot rely 
on the convenient platform of single-crystal perovskite sub-
strates and routes need to be developed to integrate strained 
ferroelectrics on semiconductor substrates (e.g., Si, Ge, GaAs, 
and others; for recent reviews see [453, 454]). The growth 
of perovskite ferroelectrics on semiconductor substrates is 
inherently complex due to the large differences in chemical 
composition, crystallographic structure, and thermal expan-
sion coefficients. In this regard, several seminal works have 
focused on how to grow and control the interface of perovskite 
buffer layers to facilitate the growth of strained ferroelectric 
epilayers. These works include the growth of SrTiO3 (and 
other oxides) on silicon and germanium [455, 456] and the uti-
lization of such SrTiO3-buffered silicon to grow PbZr1−xTixO3 
[457, 458]. Using similar approaches researchers have also 
produced epitaxial, c-axis oriented BaTiO3 films using SrTiO3 
[459, 460] and BaxSr1−xTiO3 buffer layers [461]. Building off 
of this success, researchers experimentally replicated strain-
induced ferroelectricity in SrTiO3 [26, 110–112] demonstrat-
ing the efficacy of this approach in imposing epitaxial strain 
on ferroelectrics intergraded on silicon [462, 463]. Recently, 
there has been a renewed focus on such systems with demon-
strations of ferroelectricity in BaTiO3 films grown on p- and 
n-type SrTiO3 buffer layers and directly on Ge (100), (110), 
and (111) [464–466]. Thus far researchers have produced 
SrTiO3 [467, 468], BaTiO3 [469], PbZr1−xTixO3 [470–473], 
BiFeO3 [474–476], and others using these techniques. At the 
same time, recent efforts using atomic layer deposition 
(ALD) methodologies for the growth of oxide perovskites on 
semiconductor substrates offer promise for the integration of 
strained ferroelectric thin films in semiconductor applications 
in a process that is both economic and scalable [477].
In turn, these advances are poised to play a very important 
role in redefining the next-generation of memory and transis-
tor technologies [478–481]. For instance the ability to achieve 
robust ferroelectric materials with known crystallographic 
orientation is of paramount importance for fabricating ferro-
electric random access memory (FRAMs, based on polariza-
tion reversal by an external electrical field in one transistor), 
as well as for ferroelectric field-effect transistor (FeFET)–
based non-volatile memory devices that allow the advantage 
of non-destructive read out over conventional FRAMs [482]. 
Another promising candidate for emerging non-volatile mem-
ory technologies are ferroelectric tunnel junctions (FTJs) where 
quant um tunneling of electrons through ultrathin ferroelectric 
films is controlled by the ferroelectric polarization state and 
the study of strain-based routes to control these effects are anx-
iously awaiting discovery [481, 483]. Peering further into the 
future, strain-based routes to create materials with so-called 
negative-capacitance field-effect-transistors (NCFET) [484], 
where the gate-stack is modified with a ferroelectric layer 
in series, can potentially address voltage-scaling challenges 
in CMOS technologies related to the subthreshold slope of 
60 mV/decade in conventional CMOS transitors. Despite disa-
greements toward the feasibility of a truly negative-capacitance 
ferroelectric state [485], encouraging experimental reports 
supporting the realization of such devices [486–488], along with 
the recently reported direct measurements of transient negative-
capacitance [489] during ferroelectric switching have consoli-
dated support for this concept in the research community.
Another area of interest for strain-tuned ferroelectric mat-
erials has been the integration of ferroelectric thin films in 
microelectromechanical systems (MEMS) and microfluidic 
devices [18, 490, 491] including micro-cantilever devices for 
data storage [492] and optical scanning [493], piezoelectric 
MEMS generators that can convert ambient vibrational energy 
into electricity [494, 495], and microfluidic pumps and mix-
ers [496, 497]. Additionally, the ability to use strain to tune 
the strong electro-optic properties inherent in ferroelectric 
materials provides promise for their use and integration in 
wideband Si-integrated photonic circuits [498], high-speed 
optical switches, and electro-optic waveguide modulators 
[9, 499–501] to create multifunctional devices.
5.2. Strain-control of ferroelectric-ferromagnetic heterostructures
The ability to control ferromagnetism using electric fields 
holds promise for applications in low-power write opera-
tions in spintronic data storage and logic [502, 503]. 
Multiferroic materials, where the ferroelectric and (anti)
ferromagnetic order parameters are intrinsically coupled 
have been aggressively pursued [504], however, in general, 
strong magnetic and ferroelectric polarization in materials 
tends to be mutually exclusive [392]. Alternatively, com-
posites made by combining ferromagnetic materials (e.g., 
CoFeO4, Terfenol-D, La1−xSrxMnO3, FeRh, etc.) and fer-
roelectric materials provides a simple route to generate 
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large coupling of ferroelectric and magnetic order at room 
temperature [505]. Following pioneering experiments on 
CoFe2O4/BaTiO3 nanostructures [389], a variety of fer-
romagnetic/ferroelectric composites such as CoFe2O4/
BiFeO3 [389], Zn0.1Fe2.9O4/(x)PbMg1/3Nb2/3O3–(1  −  x)
PbTiO3 [506], Fe3O4/CoFe2O4/PbZr1−xTixO3 [507], 
La1−xSrxMnO3/BaTiO3 [508] have been fabricated in the 
quest to find new ways to achieve large magnetoelectric 
coupling. To try and create multiferroic-like responses 
using ferroelectric–ferromagnetic heterostructures, a thor-
ough understanding of nature of the interaction or cou-
pling between the two layers is of paramount importance. 
In this regard, there have been efforts to understand how the 
ferroelectric polarization induced modulation of charge car-
riers (ferroelectric field effect) at the interface can affect the 
ferromagnetic moments at the interface (figures 14(a) and 
(b)) [509–511]. Recently, it has been observed that it was 
possible to switch the magnetization in La0.7Sr0.3MnO3 films 
grown on (x)PbMg1/3Nb2/3O3–(1  −  x)PbTiO3 single crystal 
using an electric field as a result of elastic coupling/strain 
between the layers [512], leading it to be considered the 
dominant coupling mechanism in such heterostructures. This 
theory was supported by in situ Lorentz microscopy studies 
of Fe0.7Ga0.3 film on mechanically released BaTiO3 films 
which provided direct observations of strain-driven magnetic 
switching and domain wall motion under static electric field 
[513]. Using a similar approach it has been demonstrated that 
epitaxial FeRh on BaTiO3 single crystals can exhibit a nearly 
symmetric dependence of the magnetization on the electric field 
(figure 14(c)) [514] and that the antiferromagnetic and 
ferromagnetic lamellae of FeRh can be driven to phase sepa-
rate by the underlying ferroelastic domain structure altering 
the magnetic response of the FeRh [515]. Similar observa-
tions were also reported in BaTiO3/CoFe2O4 heterostruc-
tures where the strong degree of elastic coupling causes the 
ferromagnetic domains to mimic the ferroelectric domain 
structure under an applied electric field (figures 14(d) and 
(e)) [516].
Interfacial strain has also been used to impact the elec-
tronic structure of ferromagnet layers, altering their trans-
port properties. For instance, colossal magnetoresistance in 
La2/3Ca1//3MnO3 films [517] and large changes in the magn-
etic anisotropy in Sr2CrReO6 heterostructures supported on 
BaTiO3 [518] have been achieved. These studies of multifer-
roic heterostructures have just scratched the surface of what 
is possible, more complex heterostructure designs or even 
composite systems provide an auspicious pathway to achieve 
strong muiltiferroic-like responses.
5.3. Domain-wall nanoelectronic devices
In addition to the effects of ferroelectric domains on the 
macroscopic response it has been recognized that abrupt 
changes in symmetry at ferroelectric domain boundaries (or 
domains walls) can result in interesting new functionalities 
and researchers have sought routes to control and utilize these 
Figure 14. (a) Magnetoelectric hysteresis curve at 100 K showing the magnetic response of a PbZr0.2Ti0.8O3/La0.2Sr0.8MnO3 heterostructure 
as a function of applied electric field. The two magnetization values correspond to the modulation of the magnetization of the 
La0.2Sr0.8MnO3 layer. The inset represents the magnetic and electric states of the La0.2Sr0.8MnO3 and PbZr0.2Ti0.8O3 layers, respectively. 
The size of the arrows indicates, qualitatively, the magnetization amplitude (Reprinted with permission from [509]. Copyright 2009 John 
Wiley and Sons). (b) Schematic model of the spin configurations in La0.2Sr0.8MnO3 at the PbZr0.2Ti0.8O3 interface for the depletion and 
accumulation states, showing the changes in the Mn and O orbital states and the expected changes in the magnetic moment per layer. The 
arrows indicate the spin orientation in the Mn cations and n denotes number of unit cells below the PbZr0.2Ti0.8O3 layer. The Mn d orbitals 
are drawn in orange and grey, and the lobes of the p orbitals are shown around the oxygen atoms (red) (Reprinted figure with permission 
from [510]. Copyright 2010 by the American Physical Society). (c) Variation of the magnetization in FeRh/BaTiO3 heterostructure with the 
applied voltage at 385 K, after heating under an external voltage of  +21 V. The symmetric dependence of magnetization indicates that the 
voltage-induced strain effect from the ferroelectric BaTiO3 dominates the magnetoeletric response. The inset shows the voltage dependence 
of the out-of-plane parameter of FeRh at 390 K (Reprinted with permission from [514]. Copyright 2014 Nature Publishing Group). 
(d) Ferroelectric (FE) and ferromagnetic (FM) microstructure after CoFe film growth on BaTiO3 and (e) after the application of an out-of-
plane electric field of 10 kV cm−1; imaged using optical polarization microscopy. The polarization direction and lattice elongation of the 
BaTiO3 substrate is indicated by black rectangles with arrows, whereas the orientation of the strain-induced magnetic easy axis is indicated 
by the white rectangles with double-headed arrows, and the magnetization direction in zero applied magnetic field is indicated by the 
white arrows. Exact correlation between the ferroic domains patterns can be seen due to the strain transfer at the heterostructure interface 
(Reprinted with permission from [516]. Copyright 2012 Nature Publishing Group).
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boundaries to create nanoscale functional devices [519, 520]. 
To probe such functionalities at domain walls, new metrology 
capable of observing phenomena on the nanoscale is needed 
and a range of techniques have been employed or developed 
including: conventional and multidimensional band excita-
tion PFM (BE-PFM) [521–523], conductive atomic force 
microscopy (c-AFM), scanning tunneling microscopy (STM) 
[524], TEM [402, 525] with in situ mechanical and/or electri-
cal perturbation [215, 526, 527], low-energy electron micros-
copy (LEEM) [528, 529], photoemission electron microscopy 
(PEEM) [530], and ab initio methods [531, 532]. Of the many 
domain wall functionalities studied, the overwhelming major-
ity of the work has focused on variations in electronic conduc-
tivity which exist at domain walls. Differential conductivity at 
domain walls was first discovered at deoxygenated ferroelas-
tic domain walls in WO3, where it was found that domain 
walls could be preferentially doped to become supercon-
ducting [533]. Since then various modes of domain wall 
conduction in a wide variety of materials has been observed 
including: BiFeO3 [226, 534–539], AMnO3 (A  =  Y, Er, Ho,…) 
[540–542], PbZr1−xTixO3 [543], LiNbO3 [544], BaTiO3 [350, 
545, 546], and it has been shown that the conduction is depen-
dent on the type and form of the domain wall [547, 548]. 
More recently, interest has focused on how to externally 
modulate the conductivity at domains walls including electri-
cally writing domain walls [214, 219, 535, 549–553], mov-
ing domain walls [552], and/or altering domain wall geometry 
[554] using a scanning probe, by generating local chemical 
defects [555], and other forms of electrical modulation [556]. 
For example, it has been shown that by writing circular 180° 
domain walls that the conductivity of the domain wall can be 
controlled, where the conductivity of the head–head domain 
wall is significantly higher than the tail–tail domain wall 
(figures 15(a)–(d)) [554].
In designing domain wall-based devices, the domain walls 
must be indexable (capable of having a known position in 
space) such that they can be probed or perturbed (or moved), 
and in turn, this has motivated the study and development of 
techniques to make controlled patterns of domains by con-
trolling thickness, thermal annealing, and controlled writ-
ing [219, 557] as well as routes to increase the mobility of 
domain walls [214, 219, 550–552]. In this regard, it has been 
demonstrated that heterostructures with aligned ferroelas-
tic domains can be formed by kinetically-controlled growth 
and that these ferroelectric domain walls can be controllably 
moved and patterned by applying voltage pulses using the 
right electrode structure [214]. Recently it has been shown 
that the conv ergence of strain gradients and ferroelastic 
domains can generate needle-like ferroelastic domains (figure 
15(e)) which are highly-labile and move in a deterministic 
fashion (in the out-of-plane direction, figures 15(f) and (g)) 
giving rise to locally enhanced piezoresponse [558]. Such 
domain structures are also indexable, providing new routes to 
design ferroelastic domain structures and responses with the 
directive of creating new domain wall functionalities. In spite 
of these successes there has been minimal demonstration of 
operational domain wall devices on the research level (of 
which most are based on magnetic domain walls) [559, 560]; 
with no devices being commercially available. The future is 
bright, however, as new reports of many interesting observa-
tions of unique domain wall functionalities are coming each 
day and, soon, the advances required to enable domain-wall 
based devices will be achieved.
5.4. Ferroelectric-based photovoltaics
Ferroelectrics are also being pursued for photovoltaic applica-
tions due to the novel functionalities provided by their unusual 
light-response and polarization that does not exist in clas-
sical semiconductors. It has been known for decades that 
ferroelectric crystals, when illuminated with light of energy at 
or above the band gap (Eg), can produce a steady-state photocur-
rent parallel to the polarization axis, along with anomalously 
high photovoltages (as high as 3-orders-of-magnitude larger 
than the band gap, as observed in BaTiO3, LiNbO3, LiTaO3, 
and others [561–564]). This effect, also known as the bulk 
photovoltaic effect, arises from asymmetric scattering cen-
ters in materials [565] and asymmetric electrostatic potential 
(created by the presence of a polarization) that causes excited 
carriers to drift in a specific direction related to the polariza-
tion [566, 567]. At the same time, it has also been proposed 
that in ferroelectric heterojunction devices, the polarization 
can change the device band structure altering photovoltaic 
effects [568–570]. BiFeO3, with a Eg of ~2.7 eV, was demon-
strated to produce a switchable photovoltaic current under 
illumination of visible light without any need for doping and 
associated losses [571, 572], and has been considered to be a 
promising candidate to exploit such effects. A breakthrough 
in thin-film ferroelectric photovoltaics was achieved by using 
strain-engineered epitaxial thin films of BiFeO3 possessing 
1D 71° domain wall arrays and an in-plane electrode configu-
ration to produce photovoltages up to six-times the Eg under 
illumination of white light [573]. The precise mechanism for 
such effects has been developed in recent studies of epitaxial 
BiFeO3 films grown on (001)- and (111)-oriented SrTiO3 sub-
strates, using in-plane electrodes and illumination by linearly 
polarized light, wherein the photovoltaic current generated 
was observed to vary with sample and light-polarization 
rotation, confirming the tensorial nature of the photovoltaic 
response in these materials. Furthermore, using the combina-
tion of two sample orientations and the variation in photocur-
rent with light-polarization rotation, all the components of 
the bulk photovoltaic tensor of BiFeO3 were calculated and 
found to be five orders-of-magnitude larger than other typical 
ferroelectric materials [574, 575]. With this understanding of 
the mechanism of the photovoltaic response, researchers are 
now working towards routes to enhance device performance, 
for example increasing the current collection efficiency by 7 
orders-of-magnitude using multiple AFM tips [576], explor-
ing new low bandgap polar materials [577], and finding other 
possible applications of the photovoltaic response of BiFeO3, 
such as the variation in photocurrent with ferroelectric 
polarization as a way to read bits in a non-volatile memory 
device [578].
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5.5. Thermal-based applications of ferroelectrics
The strongly coupled thermal and electrical responses in 
ferroelectric materials has spurred interest in how to use these 
effects for a wide variety of applications including infrared 
imaging [579], electron emission [580], cryogenic and solid 
state cooling [10, 581], and waste-heat energy conversion 
[582, 583]. Based on a strong theoretical foundation, research-
ers have explored computationally the effect of domain walls 
and domain structures [210, 212], thin-film thickness and 
strain state [584–589], thermal-mismatch strains [590–593], 
chemical and other gradients [435, 594], multilayer structures 
[344, 595], and much more [428] on the electrocaloric and 
pyroelectric responses of these materials, and in general, it 
was found that the pyroelectric (electrocaloric) responses 
are enhanced close to phase/domain boundaries where large 
changes in polarization (entropy) can be driven by small 
changes in temperature (electric field).
While the pyroelectric effect is arguably the most exper-
imentally accessible thermal response of ferroelectric mat-
erials, measuring pyroelectric response (accurately) in thin 
films is difficult leading some to call it “one of the least-
known properties of solid materials” [596]. While there are 
adequate techniques to measure pyroelectric response in 
bulk materials, including extraction of remanent polarization 
from temperature-dependent hysteresis loops [19, 597, 598], 
laser-induced sample heating [599], and linear resistive heat-
ing methods [600]; these techniques lack sufficient temper-
ature stability and are unable to properly exclude thermally 
Figure 15. Topological control of conduction states in artificially created 180° domain walls due to head–head and tail–tail driven charge 
segregation as imaged via (a) vertical amplitude and (b) vertical phase images of a ring written in BiFeO3 by application of  +9 V within 
a single lateral domain. Polarization vectors are shown in the phase image. (c) c-AFM image of the written ring domain taken using tip 
bias of  −2.8 V. (d) Spectrogram of the current as a function of angle and distance from the outer ring of the ferroelectric domains wall 
(Reprinted with permission from [554]. Copyright 2012 American Chemical Society). (e) Nanobeam electron diffraction strain mapping 
image of the out-of-plane strain (relative to the substrate GdScO3) in compositionally-graded PbZr1−xTixO3 heterostructures. The image 
shows that large out-of-plane strain gradients stabilize needle-like ferroelastic domain structures. High-field (~1/2 Ec) out-of-plane band 
excitation PFM amplitude images of (f ) homogeneous PbZr0.2Ti0.8O3 and (g) compositionally-graded heterostructures. These images 
reveal that the needle-like ferroelastic domains are highly labile in the out-of-plane direction, giving rise to locally enhanced piezoresponse 
(Reprinted with permission from [558]. Copyright 2016 Nature Publishing Group).
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stimulated currents, complicating their implementation in 
thin films [601]. Nevertheless, these approaches have still 
been applied to thin films [19, 597, 598, 602–604]. More 
recently researchers have developed phase-sensitive pyro-
electric measurement techniques, including those based on 
microfabricated resistive heater-based 2ω measurements 
[605, 606] and modulated laser-based approaches [607–609] 
to achieve a more accurate measure of pyroelectric response 
in thin films. Using these approaches researchers were able 
to clarify the relative importance of a number of contrib-
utions to overall pyroelectric response including so-called 
intrinsic, extrinsic, and secondary pyroelectric effects in 
PbZr1−xTixO3 (section 3.2, figures 4(f) and (g)) [213]. Beyond 
just the magnitude of the pyroelectric response it is also 
important to consider the overall efficiency of the device 
typically quantified in terms of the pyroelectric figures  of 
merit [418, 597, 610, 611]. In general, optimization of the 
figures  of merit requires that one enhance the pyroelectric 
coefficient and suppress the dielectric permittivity. To decou-
ple the seemingly correlated trends in ferroelectric suscepti-
bilities, new forms of strain-control involving a combination 
of flexoelectric (strain-gradient) and composition-gradient 
based routes [211, 403, 415] (refer section  3.2 for details, 
figure  13) that decouple the pyroelectric and dielectric 
susceptibilities has been realized, producing thin films with 
figures of merit comparable or better than the commonly used 
pyroelectric materials today.
Recently there have also been reports of large electroca-
loric effects in thin films of PbZr0.95Ti0.05O3 [597], relaxor 
ferroelectrics such as (1  −  x)PbMgyNb1−yO3–(x)PbTiO3 
[612], and SrBi2Ta2O9 [613] which have led to a rejuvenation 
of interest in the study of these effects. An increasing number 
of publications including several reviews [10, 581, 610, 611, 
614–616] have been written over the last few years. Materials 
of interest are those at the vicinity of temperature- and field- 
induced phase transitions where large entropy changes are 
achievable through the desired phase change [581–583, 614]. 
For instance, large electrocaloric responses are possible 
in antiferroelectrics via field-induced antiferroelectric to 
ferroelectric transitions [617]. In general, ferroelectric com-
positions near a MPB are sources of high entropy originat-
ing from multiple domain and polarization states as well as 
phase transitions that are induced by applied electric fields 
[618]. Large electrocaloric responses are also possible from 
entropy changes associated with 1st-order phase transitions as 
has been demonstrated in BaTiO3 single-crystals [615] and in 
magnetoelectrically-coupled La0.7Ca0.3MnO3/BaTiO3 [616]. 
In this regard, the strain-induced mixed-phase structures in 
highly-compressively strained BiFeO3 (refer to section  3.3) 
demonstrate large temperature- and field-induced changes 
in structure and polarization, as well as several near-room 
temper ature first-order phase transitions, which are promising 
for thermal-based applications.
Despite these seemly successful and exciting results there 
are some question relating to the accuracy and methodolo-
gies of the approaches used to quantify the electrocaloric 
responses in these materials. Typically to quantify the elec-
trocaloric response, the pyroelectric response is measured 
and the electrocaloric response is inferred through ther-
modynamic Maxwell relations that estimate the adiabatic 
temperature or isothermal entropy change (measure of the 
electrocaloric effect). Such indirect measurements require 
careful acknowledgement and understanding of the boundary 
conditions of the materials [607]. In an alternative approach, 
direct measurements of electrocaloric responses have been 
attempted, but are inherently difficult due to the small size 
and low thermal mass of thin film-based devices wherein the 
electocaloric temperature changes are typically well below 
the resolution of off-the-shelf thermocouple-based capa-
bilities. Additionally, one must also consider effects such as 
Joule heating (from current flow through the material) which 
can alter the temperature change in direct measurements. 
Comparisons of direct and indirect methods have shown that 
in some cases the two techniques yield similar results [452, 
619–621], but can also vary dramatically in others [607, 622] 
and this has been a cause for concern in the field. The devel-
opment of measurement capabilities that allow reliable and 
direct measurements of pyroelectric and electrocaloric effects 
in thin-film are needed to truly understand the magnitude 
and mechanisms of these responses. Over the last few years, 
researchers have been adapting new measurement strategies 
for the direct characterization of pyroelectric and electroca-
loric effects in thin-film. This includes the use of microfab-
ricated resistive heater-based 2ω measurements [605, 606], 
modulated laser-based approaches with phase sensi-
tive detection [607–609], measurements of electrocaloric 
temper ature changes using scanning thermal microscopy 
and infrared imaging [621], and differential scanning calo-
rimetry [623]. These techniques once fully developed and 
vetted provide promise to probe the role of strain, crystal 
and domain structure on the thermal susceptibilities in these 
materials.
6. New horizons for ferroelectrics—looking ahead
In this review we have touched on a number of exciting obser-
vations and developments in the field of ferroelectrics over the 
last decade. To conclude, let us shift gears to looking towards 
the future of what research in ferroelectrics might hold.
6.1. High-throughput functional materials discovery
The strong investment in advanced materials-by-design 
approaches and Materials Genome concepts stand poised to 
expand the known world of functional materials [624, 625]. 
As the methodologies and approaches mature, the ability 
to solve for complex material properties will grow, beget-
ting new discoveries and predictions of potential interesting 
materials. For ferroelectrics, the potential for high-throughput 
Berry-phase analysis and other first-principles approaches 
could produce new candidate materials at an unprecedented 
rate. This, in turn, requires that experimental approaches keep 
pace and develop routes to greatly shorten the time to discov-
ery and testing of high-quality materials.
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6.2. New strain-based approaches to materials discovery 
and design
Here we have already discussed traditional strain control of 
materials and recent advances in strain control of materials 
and thus one can speculate a number of routes that might be 
possible in the future. One includes expanding work on free-
standing thin-film heterostructures where ‘on-demand’ and 
tunable strain is possible. In essence, can we create advanced 
micro-/nano-electromechanical systems (MEMS/NEMS) 
based on ferroelectric materials where new regimes of magni-
tude- and time-varying strains can be used to produce exotic 
functionality? There has been some work on the production of 
such free-standing complex oxides [107, 626–631], but it begs 
the question of what is possible in the future? One sneak peak, 
showed routes to greatly enhanced piezoelectric coefficients 
and figures of merit for vibrational energy harvesting systems 
[632]. At the same time, the development of new substrates—
both different lattice parameters for perovskite-based systems 
as well as non-perovskite substrates—could usher in a new 
golden age of ferroelectric thin films.
6.3. In operando, dynamic, and ultrafast studies of ferroelectrics
As noted at the start of this review, development in both model-
ing and characterization methods have greatly expanded the 
time- and length-scales over which one can probe materials. 
Theoreticians have innovatively simulated many aspects of 
in operando conditions. Using first-principles thermodynamics 
[633], changes in surface composition and defect concentra-
tions can be probed [634, 635]. Epitaxial strain and interfa-
cial effects are included directly, as are surface interactions 
with water and other molecules [636–640]. The influence 
of compositional disorder on temporal- and spatial-depen-
dent dielectric response of relaxors and other ferroelec-
trics can now be modeled through molecular dynamics 
simulations of large supercells [641–647]. Ferroelectric 
and multiferroic domain dynamics under driving fields are 
simulated with phase field and molecular dynamics simula-
tions. Advances in hardware and the application of novel 
transmission electron microscopy methods have also pro-
vided not only atomic-scale insights, but real-time probes 
of ferroelectrics under applied fields [527, 648–652]. In 
the coming years, new advances in hardware, data analy-
sis, and big-data approaches are poised to provide unprec-
edented information about ferroelectrics. In particular, 
faster frame-rates during high-resolution imaging may 
open up doors for extensive work on the nature of ferro-
electric switching. Another development that is already 
beginning to change the way we study and understand 
ferroelectrics under applied fields is an advanced scanning-
probe microscopy operation mode known as band excita-
tion [521, 653–656]. This technique enables the real-time, in 
operando study of ferroelectric switching with nanoscale res-
olution as well as the quantification and extraction of exten-
sive data about the nature of the processes. This technique is 
inherently a ‘big data’ approach and in the coming years 
application of advanced statistical analysis and data mining 
may provide new insights. Likewise, synchrotron- and 
ultra-fast probes of ferroelectrics are rapidly developing 
[657]. Studies have utilized bright-light sources to enable 
in operando studies of devices under applied fields [191, 
658–660], detailed structural study of ultrathin ferroelec-
tric films [661–663], studies of the evolution of ferroelec-
trics under different environ mental conditions [664, 665], 
and, increasingly, ultrafast probes of dynamic response in 
these materials [309, 666–670]. Using ultrafast probes is it 
possible to strongly perturb materials (>MV cm−1) on time 
scales  <ps. These studies could lead to new insights about 
the physics of ferroelectricity and the observation of novel 
states of matter.
6.4. Topologically protected states in ferroelectrics
With the intense study of skyrmion and other topologically 
protected states in magnet systems, researchers have begun 
to investigate such topics in ferroelectric systems [671, 672]. 
A number of theoretical studies have suggested that there is 
potential for exotic physical phenomena including topo-
logical structures such as vortices, waves, and skyrmions in 
ferroelectric materials [297, 320–323] which are just now 
being observed experimentally [324]. Topological insulators 
have different band topologies in the Brillouin zone than do 
conventional insulators, and as a result the interfaces between 
topological and conventional insulators must always be 
conductive [673–675]. This fundamental characteristic can 
potentially have an intriguing and synergistic interaction with 
ferroelectrics, since ferroelectric nanomaterials require con-
ductive surfaces to compensate the bound charge and reduce 
the depolarizing field [676]. Previous recent work has discov-
ered topological insulators [677–680] and topological crys-
talline insulators [681, 682] that break inversion symmetry, 
but none of these are switchable. A recent proposal [683] sug-
gests that CsPbI3 under pressure could exhibit transition to a 
topological insulating phase and to a switchable ferroelectric 
phase, but more work in this area could yield exciting func-
tional materials.
7. Conclusion
Ferroelectrics (and ferroics in general) have been one of the 
most important classes of materials over the last half century. 
The techniques developed for this field are, in turn, applied 
other condensed matter physics realms with great success. 
Ultimately the diverse functionality of ferroelectrics means 
that they likely have staying power as we aim to improve their 
performance in existing devices and dream about novel applica-
tions in the years to come. In the end, breakthroughs in ferro-
electrics will be poised to impact across society—from energy, 
to medicine, to information, to communications, and beyond.
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